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Overview	
o  Motivations and previous measurements. 

o  8 TeV analysis strategy 

•  Cross section measurement 

 
•  Anomalous Triple Gauge Coupling (aTGC) 
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Semileptonic  diboson  production  	
o  Associated production of a gauge bosons pair: WW or 

WZ 
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o  Interactions between vector bosons: 
•  Test of non-Abelian electroweak gauge 

symmetry 
•  Possible anomalous coupling due to new 

physics 
o  Main background to Higgs physics: 

•  WH/ZH, HàWW  
o  Detecting di-jet resonances: a key 

technique for future (and present) 
analysis at hadron colliders. 
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•  A W decays to eν or μν. The 
other W or Z decays to a jet 
pair.  



∫
L dt

[fb−1] Reference

– σfid(ZZ∗ → ""νν) σ = 12.7 + 3.1 − 2.9 ± 1.8 fb (data)
PowhegBox & gg2ZZ (theory) 4.6 JHEP 03, 128 (2013)

– σfid(ZZ∗ → 4") σ = 29.8 + 3.8 − 3.5 + 2.1 − 1.9 fb (data)
PowhegBox & gg2ZZ (theory) 4.6 JHEP 03, 128 (2013)

– σfid(ZZ → 4")
σ = 25.4 + 3.3 − 3.0 + 1.6 − 1.4 fb (data)

PowhegBox & gg2ZZ (theory) 4.6 JHEP 03, 128 (2013)
σ = 20.7 + 1.3 − 1.2 ± 1.0 fb (data)

MCFM (theory) 20.3 ATLAS-CONF-2013-020

– σtotal(pp→ZZ→4")
σ = 76.0 ± 18.0 ± 4.0 fb (data)

Powheg (theory) 4.5 arXiv:1403.5657 [hep-ex]
σ = 107.0 ± 9.0 ± 5.0 fb (data)

Powheg (theory) 20.3 arXiv:1403.5657 [hep-ex]

σtotal(pp→ZZ)
σ = 6.7 ± 0.7 + 0.5 − 0.4 pb (data)

MCFM (theory) 4.6 JHEP 03, 128 (2013)
σ = 7.1 + 0.5 − 0.4 ± 0.4 pb (data)

MCFM (theory) 20.3 ATLAS-CONF-2013-020

– σfid(WZ → "ν"") σ = 99.2 + 3.8 − 3.0 + 6.0 − 6.2 fb (data)
MCFM (theory) 13.0 ATLAS-CONF-2013-021

σtotal(pp→WZ)
σ = 19.0 + 1.4 − 1.3 ± 1.0 pb (data)

MCFM (theory) 4.6 EPJC 72, 2173 (2012)
σ = 20.3 + 0.8 − 0.7 + 1.4 − 1.3 pb (data)

MCFM (theory) 13.0 ATLAS-CONF-2013-021

– σfid(WW→eµ) [njet≥0]
σ = 563.0 ± 28.0 + 79.0 − 85.0 fb (data)

MCFM (theory) 4.6 arXiv:1407.0573 [hep-ex]

– σfid(WW→eµ) [njet=0] σ = 262.3 ± 12.3 ± 23.1 fb (data)
MCFM (theory) 4.6 PRD 87, 112001 (2013)

– σfid(WW→µµ) [njet=0] σ = 73.9 ± 5.9 ± 7.5 fb (data)
MCFM (theory) 4.6 PRD 87, 112001 (2013)

– σfid(WW→ee) [njet=0] σ = 56.4 ± 6.8 ± 10.0 fb (data)
MCFM (theory) 4.6 PRD 87, 112001 (2013)

σtotal(pp→WW)
σ = 51.9 ± 2.0 ± 4.4 pb (data)

MCFM (theory) 4.6 PRD 87, 112001 (2013)
σ = 71.4 ± 1.2 + 5.5 − 4.9 pb (data)

MCFM (theory) 20.3 ATLAS-CONF-2014-033

σfid(W±W±jj) EWK σ = 1.3 ± 0.4 ± 0.2 fb (data)
PowhegBox (theory) 20.3 PRL 113, 141803 (2014)

σfid(pp→WV→"νqq) σ = 1.37 ± 0.14 ± 0.37 pb (data)
MC@NLO (theory) 4.6 JHEP 01, 049 (2015)

– [njet = 0] σ = 2.9 + 0.8 − 0.7 + 1.0 − 0.9 fb (data)
MCFM NLO (theory) 20.3 arXiv:1503.03243 [hep-ex]

σfid(Wγγ → "νγγ) σ = 6.1 + 1.1 − 1.0 ± 1.2 fb (data)
MCFM NLO (theory) 20.3 arXiv:1503.03243 [hep-ex]

– [njet = 0] σ = 1.05 ± 0.02 ± 0.11 pb (data)
NNLO (theory) 4.6 PRD 87, 112003 (2013)

σfid(Zγ → ""γ) σ = 1.31 ± 0.02 ± 0.12 pb (data)
NNLO (theory) 4.6 PRD 87, 112003 (2013)

arXiv:1407.1618 [hep-ph]

– [njet = 0] σ = 1.76 ± 0.03 ± 0.22 pb (data)
NNLO (theory) 4.6 PRD 87, 112003 (2013)

σfid(Wγ → "νγ) σ = 2.77 ± 0.03 ± 0.36 pb (data)
NNLO (theory) 4.6 PRD 87, 112003 (2013)

arXiv:1407.1618 [hep-ph]

σfid(γγ)[∆Rγγ > 0.4] σ = 44.0 + 3.2 − 4.2 pb (data)
2γNNLO (theory) 4.9 JHEP 01, 086 (2013)
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A  wide  analysis  effort	
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Figure 3. (a) Distributions of the dijet invariant mass for the sum of the electron and muon
channels after the likelihood fit. The error bars represent statistical uncertainties, and the stacked
histograms are the signal and background contributions. The normalisations and shapes of the
histograms are obtained from the best fit to the data, after being allowed to vary within their
systematic uncertainties. The lower panel displays the ratio between the data and the total fit
result, including both signal and backgrounds. The hatched band shows the systematic uncertainty
on the fitted signal plus background. (b) Distribution of the background-subtracted data for the
sum of the electron and muon channels. The error bars represent the statistical error on the data.
The superimposed histogram shows the fitted signal and the hatched band shows the systematic
uncertainty on the background after profiling the nuisance parameters.

of the reconstructed hadronically decaying V , p
Tjj

. The event selection is the same as used
for the cross-section measurement, except that m

jj

is additionally required to be between
75 and 95 GeV to improve the signal-to-background ratio. The m

jj

range and the binning
of the p

Tjj

histogram are chosen to optimise the expected aTGC limits.

To quantify possible deviations from the SM affecting triple gauge boson vertices, the
couplings of the WWZ and WW� vertices are described in terms of five dimensionless
parameters: �

�

, �
Z

, 
�

, 
Z

, and gZ
1

, only considering couplings that conserve C and P

and satisfy electromagnetic gauge invariance [58]. No form factors are applied to these
parameters in this analysis. In the SM, �

�

= �
Z

= 0, and 
�

= 
Z

= gZ
1

= 1. Various
assumptions can be made to decrease the number of free parameters. In this analysis, limits
are given using the so-called LEP scenario [59] in which the following additional constraints,
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WW/WZàlνjj  7  TeV  measurement	
o  In agreement with Standard Model. 

•  Cross section: systematic dominated 
•  aTGC: statistics dominated 
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o  At 8 TeV: 
•  gain sensitivity in aTGC measurement. 
•  larger fraction of W/Z bosons produced 

with a Lorentz boost 
•  better modelling of close-by jets 

topologies 

•  Possible to separate signal peak from 
background peak. 

•  Parallel analysis: highly boosted 
topology 

 

7 TeV :

Z
Ldt ' 5 fb�1

8 TeV :

Z
Ldt ' 20 fb�1

�expected

WW+WZ

(8 TeV) ' 80.13± 8% pb

�measured
WW+WZ(7 TeV) = 68± 7(stat.)± 19(syst.) pb



8  TeV  analysis	
o  Collaboration between several institutions. 

o  We followed the same strategy adopted at 7 TeV: 
•  select lνjj events 
•  MonteCarlo simulation of signal and background 
•  fit of the jet-jet invariant mass spectrum to extract the signal 

cross section 
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Background contribution: 
•  W + jets 
•  top/anti-top production 
•  single top production 
•  Z + jets 
•  QCD multijet 

o  W+jets is the largest contribution 



The  ATLAS  detector	
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Physics  objects	
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o  ELECTRON / 
MUON 

•  good 
reconstruction 
quality 

•  pT > 30 GeV 
•  central η region 
•  impact parameter 
•  isolation  

o  ET
miss  

•  complementary 
sum of pT of all 
particles in the 
event 

•  ET
miss > 40 GeV 

o  JETS 
•  Anti_Kt, R=0.4 
•  pT > 25 GeV 
•  central η 

region 
•  reject jets 

originating 
from PileUp  
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Event  selection	
o  Preselection: 

•  Un-prescaled trigger on a single lepton 
•  Detector based quality criteria 
•  One primary vertex, at least three associated tracks 

o  Select leptonic W decay: 
•  exactly one selected lepton,  
•  not overlapping with jets. 
•  ET

miss > 40 GeV 
•  Transverse mass: MT(l,ET

miss)>40 GeV 

o  Select hadronic W/Z decay: 
•  exactly two selected jets 
•  optimized cuts to reduce background (next) 
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Further  di-‐‑jet  event  selection	

o  Reduce QCD background: 
•  ΔΦ(jlead,ET

miss) > 0.8 

o  Increase signal over 
background ratio: 
•  Δη(jlead,jsublead) < 1.5 

o  Separate signal peak from 
background peak: 
•  pT(W) > 100 GeV 

(pT(W) = |pT(l)+ ET
miss|) 
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QCD  background  modelling	
o  W/Z+jets and top background described with MonteCarlo 

generators. 
o  QCD multijet: MonteCarlo modelling not sufficiently good 

•  data-driven estimation 
•  Shape: QCD enriched sample from modified event selection 
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o  ET
miss:  
•  provides good 

discrimination between 
QCD multijet and W+jets 
(main spectrum 
component) 

•  Normalization: fit 
ET

miss spectrum. 



QCD  normalization  extraction	
o  Full selection but the ET

miss > 40 GeV cut  
o  Full MonteCarlo template plus QCD enriched sample fitted to 

data 
•  W/Z+jets and QCD normalization are the free parameters 

of the fit 
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o  Fit results: 
•   Data/MonteCarlo 

agreement not perfect 
(improvement ongoing) 

•  Correction to W/Z+jets 
normalization is small 
(few percents) 

Electron  channel	



Di-‐‑jet  invariant  mass  spectrum	
o  Full selection applied 
o  The signal peak is now clearly visible 
o  Disagreement in the high mass tail:  

•  further investigation needed 
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the order of 
magnitude 



Boosted  channel	
o  W produced with a large boost: decays into quark pair 

with small angular separation. 
•  Single large jet (fat jet) instead of a jet pair. 
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Leading antikT 10 jet mass distributions (MC & data) 
(after passing full boosted selection- including performing 
 W tagging using D2(Beta==1) at 50% efficiency after trimming) 

Results for W-tagging after jet grooming in the 8 TeV analysis 
   

Leading antikT 10 jet mass distribtions (MC & data) 
(after passing full boosted selection- including performing 
 W tagging using D2(Beta==1) at 50% efficiency before trimming) 

Leading antikT 10 jet mass distribtions (MC & data) 
(after passing full boosted selection- including performing 
 W tagging using ysplit at 50% efficiency before trimming) 

•  The D2(Beta==1) tagger remains optimal and 
shows some improvement in the number of signal 
events passing upon reversing the order of tagging 
and trimming 

•  A similar proportion of signal events pass for the 
ysplit tagger as for D2(Beta==1), although the 
number of background events is also greater 

Leading antikT 10 jet mass distribtions (MC & data) 
(after passing full boosted selection- including performing 
 W tagging using ysplit at 50% efficiency after trimming) 

o  Parallel analysis: 
common leptonic 
selection. 
•  One fat jet with 

pT>250 GeV 

o  Jet substructure 
analysis:  
•  energy correlation 

between jet 
constituents. 

[Courtesy,  David  Freeborn,  UCL]	



Signal  yield  extraction	
o  Binned Maximum Likelihood fit of the invariant mass 

spectrum. 
•  Systematic uncertainties on shape and normalization 

of simulated templates are taken into account in the 
fit. 

o  Extracted parameter: number of WW+WZ events 
Nmeas. 

•  The ratio σWW/σWZ is fixed at the theoretical value. 
 

o  Preliminary fit tests ongoing. First results expected in 
a short time. 

21/10/15 Margherita Spalla 15 



o    
•  CWW and CWZ: correction factors for 

WW and WZ channels  
•  fWW: ratio between WW and WW+WZ 

theoretical fiducial cross sections. 

Cross  section  computation	
o  From the fit event yield, cross section is measured in the 

fiducial phase space. 
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�fid =
Nmeas

L ·D · B

D = fWW
fid CWW + (1� fWW

fid )CWZ

Fiducial  phase  space:  	
•  Kinematic  region  accessed  

by  the  analysis.	
•  Defined  applying  event  

selection  to  MonteCarlo  
particle-‐‑level  objects.	

D = 0.88± 0.03 (stat.)± 0.08 (syst.)

CWW =
Nreco,selected

WW

N inFiducial

WW



Systematic  uncertainties	
o  Systematics affect both template’s normalization and shape 

•  Systematic on signal normalization not included in the fit: D 
factor uncertainty 
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o  Systematic sources: 
•  physic objects measurements:  

•  largest contribution: Jet Energy Scale (~4%) 
•  studied in detail by dedicated analysis 

•  MonteCarlo modelling: 
•  largest contribution: signal shape, W+jets 
•  comparison between generators 

o  Full set of systematics under implementation.  



anomalous  Triple  Gauge  Couplings  (aTGC)	
o  Contribution from new physics processes: 

vector boson couplings may deviate from 
Standard Model. 
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o  Model-independent extension 
of Standard Model Lagrangian 
•  aTGC parameters to be 

evaluated from data 

o  Most sensitive variable:  
•  pTjj = |pT(jlead)+ pT(jsublead)|  
•  larger effects expected in high-

pT tail 

o  Limits expected to improve by a 
factor 2 at 8 TeV 

Why'vector'bosons?'

▶  Background'to'crucial'physics'
channels'
" Higgs'physics.'
" ExoAc'searches:'final'states'
with'leptons'and'large'MET.'
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Example:'
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▶  Vector'boson'self'interacAons'are'sensiAve'to'
new'physics'
" Electroweak'theory'predicts'triple'and'quarAc'
gauge'boson'couplings'(TGC,'QGC).''

" Due'to'new'physics'contribuAon'TGC'and'QGC'
may'deviate'from'SM'predicAon:''

'anomalous'couplings'(aTGC,'aQGC).'

ATLASBCONFB2014B060'
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Figure 4. The observed distribution of the transverse momentum of the two jets, compared to the
expectation for SM signal plus background, for (a) the electron channel and (b) the muon channel.
The error bars represent statistical uncertainties, and the stacked histograms are background and
signal predictions as described in the legend. The effect of an aTGC of �Z = �� = 0.05 is shown for
comparison (white histogram) on top of the SM predictions (coloured histograms). The rightmost
bin includes overflow. The bottom panels show the ratio between the data and the SM prediction
overlaid with the systematic uncertainty on the shape of the p

Tjj distribution. The binning in
the plots is the same as that one used to perform the calculation of the limits. The red vertical
line indicates that the event selection is different for p

Tjj less than and greater than 250 GeV, as
described in section 6.
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Example  from  7  TeV  analysis	



Conclusions	
o  Standard Model WW/WZàlνjj measurement at 8 TeV  

•  The analysis is difficult because of large background (W
+jets production) 

o  Larger statistics exploited to improve signal 
discrimination from background with respect to 7 TeV 
analysis. 

o  Cross section is extracted from a binned Maximum 
Likelyhood fit to data. 
•  First results available in a short time. 

o  Evaluation and implementation of the full set of 
systematics is proceeding. 
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Backup	
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CMS  diboson  results	
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theoσ / expσProduction Cross Section Ratio:   
0.5 1 1.5 2

CMS PreliminaryMar. 2015

All results at:
http://cern.ch/go/pNj7

(NNLO th.), γγ  0.12± 0.01 ±1.06 -15.0 fb
γW  0.13± 0.03 ±1.16 -15.0 fb
γZ  0.05± 0.01 ±0.98 -15.0 fb
γZ  0.05± 0.01 ±0.98 -119.5 fb

WW+WZ  0.15± 0.13 ±1.05 -14.9 fb
WW  0.10± 0.04 ±1.11 -14.9 fb

(NNLO th.)WW,  0.08± 0.02 ±1.01 -119.4 fb
WZ  0.07± 0.07 ±1.17 -14.9 fb
WZ  0.07± 0.03 ±1.12 -119.6 fb
ZZ  0.07± 0.14 ±0.99 -14.9 fb
ZZ  0.08± 0.06 ±1.00 -119.6 fb

7 TeV CMS measurement (stat,stat+sys) 

8 TeV CMS measurement (stat,stat+sys) 

CMS measurements
 theory(NNLO)vs. NLO 



WW/WZàlνjj  7  TeV  measurement	
o  Anomalous Triple 

Gauge Couplings: 
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Figure 5. Comparison of limits on anomalous triple gauge coupling parameters obtained in this
analysis with limits quoted by other experiments and/or in different channels (see text for details).

– 20 –
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∫
L dt

[fb−1] Reference

t̄tZ
total

σ = 150.0 + 55.0 − 50.0 ± 21.0 fb (data)
HELAC-NLO (theory) 20.3 ATLAS-CONF-2014-038

t̄tW
total

σ = 300.0 + 120.0 − 100.0 + 70.0 − 40.0 fb (data)
MCFM (theory) 20.3 ATLAS-CONF-2014-038

HVBF
total

σ = 2.43 + 0.6 − 0.55 pb (data)
LHC-HXSWG (theory) 20.3 ATLAS-CONF-2015-007

ZZ
total

σ = 6.7 ± 0.7 + 0.5 − 0.4 pb (data)
MCFM (theory) 4.6 JHEP 03, 128 (2013)

σ = 7.1 + 0.5 − 0.4 ± 0.4 pb (data)
MCFM (theory) 20.3 ATLAS-CONF-2013-020

WZ
total

σ = 19.0 + 1.4 − 1.3 ± 1.0 pb (data)
MCFM (theory) 4.6 EPJC 72, 2173 (2012)

σ = 20.3 + 0.8 − 0.7 + 1.4 − 1.3 pb (data)
MCFM (theory) 13.0 ATLAS-CONF-2013-021

HggF
total

σ = 23.9 + 3.9 − 3.5 pb (data)
LHC-HXSWG (theory) 20.3 ATLAS-CONF-2015-007

Wt
total

σ = 16.8 ± 2.9 ± 3.9 pb (data)
NLO+NLL (theory) 2.0 PLB 716, 142-159 (2012)

σ = 27.2 ± 2.8 ± 5.4 pb (data)
NLO+NLL (theory) 20.3 ATLAS-CONF-2013-100

WW
total

σ = 51.9 ± 2.0 ± 4.4 pb (data)
MCFM (theory) 4.6 PRD 87, 112001 (2013)

σ = 71.4 ± 1.2 + 5.5 − 4.9 pb (data)
MCFM (theory) 20.3 ATLAS-CONF-2014-033

WW+WZ
total

σ = 68.0 ± 7.0 ± 19.0 pb (data)
MC@NLO (theory) 4.6 JHEP 01, 049 (2015)

tt−chan
total

σ = 68.0 ± 2.0 ± 8.0 pb (data)
NLO+NLL (theory) 4.6 PRD 90, 112006 (2014)

σ = 82.6 ± 1.2 ± 12.0 pb (data)
NLO+NLL (theory) 20.3 ATLAS-CONF-2014-007

t̄t
total

σ = 182.9 ± 3.1 ± 6.4 pb (data)
top++ NNLO+NNLL (theory) 4.6 Eur. Phys. J. C 74: 3109 (2014)

σ = 242.4 ± 1.7 ± 10.2 pb (data)
top++ NNLO+NNLL (theory) 20.3 Eur. Phys. J. C 74: 3109 (2014)

Z
total

σ = 27.94 ± 0.178 ± 1.096 nb (data)
FEWZ+HERAPDF1.5 NNLO (theory) 0.035 PRD 85, 072004 (2012)

W
total

σ = 94.51 ± 0.194 ± 3.726 nb (data)
FEWZ+HERAPDF1.5 NNLO (theory) 0.035 PRD 85, 072004 (2012)

Dijets R=0.4
|y |<3.0, y ∗<3.0

σ = 86.87 ± 0.26 + 7.56 − 7.2 nb (data)
NLOJet++, CT10 (theory) 4.5 JHEP 05, 059 (2014)0.3 < mjj < 5 TeV

Jets R=0.4
|y |<3.0

σ = 563.9 ± 1.5 + 55.4 − 51.4 nb (data)
NLOJet++, CT10 (theory) 4.5 arXiv:1410.8857 [hep-ex]0.1 < pT < 2 TeV

pp
total

σ = 95.35 ± 0.38 ± 1.3 mb (data)
COMPETE RRpl2u 2002 (theory) 8×10−8 Nucl. Phys. B, 486-548 (2014)

σ [pb]
10−5 10−4 10−3 10−2 10−1 1 101 102 103 104 105 106 1011

observed/theory
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s = 7 TeV

Theory
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√
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Theory
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stat
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Standard Model Total Production Cross Section Measurements
Status:
March 2015

ATLAS Preliminary

Run 1
√
s = 7, 8 TeV



Di-‐‑jet  event  selection:  jet-‐‑jet  Δη	
o  Cut at: Δη(jlead,jsublead) < 1.5 
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8  TeV  expectation	
o  Total expected cross section: 

 
o  Expected cross section in the fiducial phase space: 
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�expected

WW+WZ

(8 TeV) ' 80.13± 8% pb

�expected

fid

(8 TeV) ' 0.41± 0.01 pb Fiducial  phase  space:  	
•  Kinematic  region  accessed  

by  the  analysis.	
•  Defined  applying  event  

selection  to  MonteCarlo  
particle-‐‑level  objects.	

Expected  signalevent  yield  after  event  
selection	

process	 expected  events	
WW	 1459.49	
WZ	 365.146	



WW/WZ  comparison	
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QCD  normalization  extraction	
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Muon  channel	
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Kinematic  distributions  after  full  selection	
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Leading  jet  pT	
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Kinematic  distributions  after  full  selection	
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Kinematic  distributions  after  full  selection	
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Di-‐‑jet  pT	

h_Ptjj_data

Entries  148116

Mean   1.51e+05

RMS    4.525e+04

jet-jet pt [MeV]
100 150 200 250 300 350

310×

Ev
en

ts
 / 

4 
G

eV

0

1000

2000

3000

4000

5000

6000

7000
h_Ptjj_data

Entries  148116

Mean   1.51e+05

RMS    4.525e+04

h_Ptjj_data

Entries  148116

Mean   1.51e+05

RMS    4.525e+04)
sublead

,j
lead

(jTP

data
QCD
Wjets
ZZllqq
ttbar_st
Zjets
WWsignal

-1 L dt = 20 fb∫
 = 8 TeVs

 + 2 jetsνµ /ν e→W

ratio
Entries  4

Mean   1.707e+05

RMS    7.887e+04

jet-jet pt [MeV]
100 150 200 250 300 350

310×

M
C

da
ta

-M
C

-0.15
-0.1

-0.05
0

0.05
0.1

0.15 ratio
Entries  4

Mean   1.707e+05

RMS    7.887e+04



Boosted  topology	
o  Assume an heavy particle X decaying to two jets of 

momentum p1 and p2 
•  z = p1/pX 

o  Minimal angular separation between decay products is 
roughly: 
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FAT jets

Particella massiva con grande p
T

! Decadimento in due (tre) partoni !
Jet non risolti nel lab

ESEMPI:

· H ! bb̄

· Z ! qq̄

· X (' TeV ) ! WW /WZ

· pp ! WW /WZ
p
s ' TeV

· t ! bW ! bjj

Necessità di riconoscere la sottostruttura dei jet

Milène Calvetti, Marco Montella Fat Jets and Boson Tagging 16 Giugno 2015 5 / 19

�Rmin ⇠ MX

ptX

1p
z(1� z)

o  If ΔRmin < Rjet the two jets from X decay cannot be 
resolved. 
•  Rjet = radius parameter of the used jet reconstruction 

algorithm. 
•  In our case Rjet = 0.4 



Boosted  selection	
o  Preselection and leptonic W selection: common to 

resolved channel 
o  Hadronic W/Z selection 

•  Jets reconstructed with Anti-Kt, R=1 
•  Trimming algorithm applied before any selection/

calibration 
•  Exactly one jet satisfying: 

•  pt > 250 GeV 
•  |η|< 2.4 

•  Top background rejection 
•  Discard events with ‘small’ (Anti-Kt r=0.4) jets passing the 

resolved selection and not overlapping with the selected 
fat jet. 

•  Cut on jet substructure variables 
•  D2 < 0.8 (see next) 
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Jet  trimming	
o  Trimmed fat jets are used for the boosted analysis. 

o  A trimming algorithm takes as input the constituents 
of a jet 
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in clusters of calorimeter cells, as opposed to additional energy being added to already

existing clusters produced by particles originating from the hard scattering process, this

allows a relatively simple jet energy o↵set correction for smaller radius jets (R = 0.4, 0.6)

as a function of the number of primary reconstructed vertices [48].

Figure 4. Diagram depicting the jet trimming procedure.

The trimming procedure uses a k
t

algorithm to create subjets of size R
sub

from the

constituents of a jet. Any subjets with p
Ti

/pjet
T

< f
cut

are removed, where p
Ti

is the

transverse momentum of the ith subjet, and f
cut

is a parameter of the method, which is

typically a few percent. The remaining constituents form the trimmed jet. This procedure

is illustrated in figure 4. Low-mass jets (mjet < 100 GeV) from a light-quark or gluon lose

typically 30–50% of their mass in the trimming procedure, while jets containing the decay

products of a boosted object lose less of their mass, with most of the reduction due to

the removal of pile-up or UE (see, for example, figures 29 and 32). The fraction removed

increases with the number of pp interactions in the event.

Six configurations of trimmed jets are studied here, arising from combinations of

f
cut

and R
sub

, given in table 1. They are based on the optimized parameters in ref. [7]

(f
cut

= 0.03, R
sub

= 0.2) and variations suggested by the authors of the algorithm. This

set represents a wide range of phase space for trimming and is somewhat broader than

considered in ref. [7].

Pruning: The pruning algorithm [6, 49] is similar to trimming in that it removes con-

stituents with a small relative p
T

, but it additionally applies a veto on wide-angle radiation.

The pruning procedure is invoked at each successive recombination step of the jet algo-

rithm (either C/A or k
t

). It is based on a decision at each step of the jet reconstruction

whether or not to add the constituent being considered. As such, it does not require the

reconstruction of subjets. For all studies performed for this paper, the k
t

algorithm is used

in the pruning procedure. This results in definitions of the terms wide-angle or soft that

are not directly related to the original jet but rather to the proto-jets formed in the process

of rebuilding the pruned jet.

The procedure is as follows:

• The C/A or k
t

recombination jet algorithm is run on the constituents, which were

found by any jet finding algorithm.

– 11 –

•  It reconstructs sub-jets using the Kt algorithm with radius 
parameter Rsubjet < Rjet  

•  Sub-jets carrying a fraction of the jet pt smaller than fcut 
are removed from the jet. 

o  In this analysis: Rsubjet =0.2 and fcut=0.5  
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Figure 3: Contours of constant C
(�)
2 (left) and D

(�)
2 (right) in the phase space defined

by e
(�)
2 , e

(�)
3 . The 1- and 2-prong regions of phase space are labeled, with their boundary

corresponding to the curve e3 ⇠ (e2)3.

discriminating boosted Z bosons from QCD jets is11

D
(�)
2 ⌘ e

(�)
3

⇣

e
(�)
2

⌘3 . (3.9)

Signal jets will be characterized by a small value of D
(�)
2 , while background jets will pre-

dominantly have large D
(�)
2 . With this observable, parametrically there is no mixing of the

signal-rich and background-rich regions. Contours of constant D
(�)
2 lie entirely in the signal

or background region, as is shown schematically in Fig. 3. Determining the precise discrim-

ination power of D
(�)
2 requires an understanding of the O(1) details of the distributions of

signal and background, beyond any purely power counting analysis.

The observation that the scaling relation e3 ⇠ (e2)3 is boost invariant provides further

motivation for the variable D
(�)
2 . Under boosts along the jet axis, jets can move along

curves of constant D
(�)
2 , but cannot cross the boundary between the 2-prong and 1-prong

regions of phase space. This can be used to give a boost invariant definition of a 2-prong

jet, as a jet with a small value of D
(�)
2 , and a 1-prong jet, as a jet with large D

(�)
2 .

Ref. [53] used the two- and three-point energy correlation functions in the combination

C
(�)
2 ⌘ e

(�)
3

⇣

e
(�)
2

⌘2 (3.10)

11We thank Jesse Thaler for suggesting the notation “D” for these observables. Unlike C(�)
2 , whose name

was motivated by its relation to the classic e+e� event shape parameter C, D(�)
2 is not related to the D

parameter.
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Jet  substructure  analysis:  D2	
o  D2 is the ratio between 2-point (e2) and 3-point (e3) 

energy correlations functions between jet constituents  
•  β=1 in this analysis. 
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Systematics:  detail	
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SYSTEMATICS UNCERTAINTIES

Systematic uncertainty E↵ect: Included in:
(Shape/Normalization) (Fit/D factors)

Luminosity N -

Physics objects
Jet Energy Scale (JES) SN F/D
Jet Energy Resolution (JER) SN F/D
Jet Vertex Fraction (JVF)˚ SN F/D
Lepton momentum scale/resolution SN F/D
Lepton reconstruction/selection e�ciency N F/D
Emiss

T

scale/resolution SN F/D

Background modelling
W {Z+jets: scale variations S F
W {Z+jets: generator S F
W {Z+jets: parton shower S F
W {Z+jets: data-reweighting˚˚ S F
�WW {�WZ ratio S F
tt cross section N F
tt: generator - parton shower - ISR/FSR SN F
Single top cross section: �st{�tt SN F
Multijet normalization N F
Multijet shape S F
�ZZ uncertainty N F

Signal modelling
WW {WZ scale variations SN F/D
WW {WZ generators SN F/D
WW {WZ PDF SN F/D

˚
JVF: fraction of jet’s pt carried by tracks associated to the primary vertex.

˚˚W {Z+jets reweighted to data to better model pT pl, ⌫q and ��pjlead, jsubleadq spectrum.

Uncertainty on the reweighting procedure added as systematics.

Table 2: List of systematic uncertainty considered in resolved analysis. In the
second column, an ‘N’(‘S’) means that the uncertainty a↵ects only the sample nor-
malization (shape) in all processes and channels. An ‘SN’means that it a↵ects both
shape and normalization. Similarly, in the third column ‘F’means that the system-
atics has been included in fit nuisance parameters, while a ‘D’means it contributes
to D factors systematic uncertainty.

25



factorization scales and parton shower.
Generator uncertainties are evaluated both by dedicated studies using MonteCarlo
samples with varied generator parameters, and by comparing samples of the same
process modelled with di↵erent generators. The largest source of systematics are
those a↵ecting W ` jets, as it is the largest background component, and signal
modelling.
As an example, figure 11 shows the shape comparison between di↵erent signal
MonteCarlo samples. Signal shape di↵erences are a relevant source of uncertainty
on fit results: dedicated studies are ongoing to understand the origin of this e↵ect
and improve systematic evaluation.
The uncertainty on multijet QCD normalization and shape is treated separately:
as this process is estimated with data driven techniques, systematics are associated
to the selection and fitting procedure adopted (see section 6.1.1).

The presented set of systematics is not the final, fully implemented one. Dedi-
cated studies on systematic evaluation are currently ongoing.
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Figure 11: Distribution of di-jet invariant mass Mpjlead, jsubleadq after full re-
solved selection for electron channel (analogous results are obtained for muon chan-
nel). Histograms of di↵erent colors are obtained with di↵erent MonteCarlo gener-
ators. The plot on the bottom represents relative di↵erences between generators,
MC@NLO is used as reference.
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Systematic  uncertainties	
o  Example of signal shape systematic study: comparison 

between different generators. 
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