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Jet production in association with isolated photons  

1 ≤ njet ≤ 3 at 8 TeV NPB918(2017)257 

Jet production in association with W/Z  

Z+jets at 13 TeV (1 ≤ njet ≤ 7) differential cross section arXiv:1702.05725 accepted by  
EPJC 


KT splitting scale in Z events at 8 TeV, arXiv:1704.01530, submitted to JHEP


W angular distribution in events at 8 TeV with high pT jets PLB765(2017)132


Electroweak Wjj production at 7 TeV + 8 TeV arXiv:1703.04362 subm. to EPJC


           A preview of results on Electroweak Zjj production at 13 TeV

ATLAS results on γ/W/Z+jets

�2

Full 2012 Dataset:    20.2 fb-1  √s = 8 TeV

Full 2015 dataset:    3.2 fb-1  √s = 13 TeVFull 2011 Dataset:    4.7 fb-1  √s = 7 TeV

focus on 
test of QCD

Cross sections measurements are 
“fiducial”


Results are corrected for detector effects 
and quoted at the particle (hadron) level 

for easy comparison with predictions

Z,W reconstructed from leptonic final state 
with e± or μ± 


γ reconstructed from clusters without 
matching tracks or with 2 (or 1) matching 
tracks from vertices inside the detector

focus on 
test of EW 
and QCD in 

extreme 
phase space 

regionsNEW

https://doi.org/10.1016/j.nuclphysb.2017.03.006
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Isolated high-ET γ + ≥1, 2, 3 jets            
at √8 TeV
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NPB918(2017)257

https://doi.org/10.1016/j.nuclphysb.2017.03.006
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 γ+jets at 8 TeV
Clean test-bench of pQCD and background to 
several rare or exotic final states with photons 


Two distinct production channels at LO, 
important to test how well theory & MC predict 
the relative importance  


direct production qg➛qγ; the colourless 
photon originates from the hard process                        

input to the gluon PDF 

t-channel q (S=1/2) dσ/dθ* ~ (1-|cosθ*|)
-1



fragmentation of a coloured parton


t-channel g (S=1) dσ/dθ* ~ (1-|cosθ*|)
-2
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β proximity in η-φ 
of the sub-leading 

jet to the γ/jet1

NPB918(2017)257

Δφγj1  Δφj1j2   Δφj1j3  β 

Fiducial Particle Level Cross Section 

γ: ET >130GeV, |η|<2.37 (excl.1.37-1.56), 
ET(iso)<10 GeV in a cone or R=0.4 
Jets: anti-kT with R=0.6, |y|<4.4, 

pT1>100GeV, pT2 >65GeV, pT3 >50GeV

Event: ΔR(γ,j) > 1

 Dominant systematics: jet/γ energy scale 1-10%

The scattering angle θ* in 

the center of mass frame

θ*EγT    Pj
T  mγj

Observables

Theory Predictions

https://doi.org/10.1016/j.nuclphysb.2017.03.006
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 γ+jets at 8 TeV results γ+≥1jet
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NPB918(2017)257

Good 
agreement 
between data 
and NLO 
prediction by 
JETPHOX for 
all variables        

😀

😀

Fair description 
of data by MC 
based on     
LO-ME


but SHERPA 
overshoots data at 
EγT>500 GeV less 
pronounced 
mismodeling in 
PYTHIA

Shape of 
distributions sensitive 
to the dynamics of γ 
production (e.g. 
cosθ*) depends on 
mγj             

scale dependence is 
well modelled by 
NLO fixed order 
predictions and 
LO+PS MC

😀

 cosθ*

photon ET

leading jet pT

at LO cosθ*  discriminates 
Direct Production and 
Fragmentation 

separate LO JETFOX 
predictions for DP and 
FP superimposed to data 
are indicative of the 
relevance of DP and FP 
at varying mγj

NLO QCD JETPHOX, D+F

https://doi.org/10.1016/j.nuclphysb.2017.03.006
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 γ+jets at 8 TeV results
First differential 
measurements in ATLAS 
of  γ+≥2jets and γ+≥3jets 

NLO fixed order predictions 
describe well the data (2σ 
dev. at EγT >750 GeV) 


LO 2➛2 ME + PS in PYTHIA 
is unable to reproduce the 
data 


LO 2➛ γ+≤4j ME good 
modeling overall (too hard ET

γ 
spectrum above 500 GeV - see 
backup slides)


scale dependence well 
reproduced by NLO - see 
backup slides  
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NPB918(2017)257

γ+≥2jets

γ+≥3jets

😀

😀

😕

https://doi.org/10.1016/j.nuclphysb.2017.03.006
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 γ+jets at 8 TeV results
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NPB918(2017)257

4.42.37

βjet1

Different (soft) radiation patterns (jet-2) 
around the photon and the leading-jet 

Measured by dσ/dβ in 

1 < ΔR < 1.5 

First 
quantitative 

evidence

Good modelling 
in SHERPA and 

PYTHIA

preserving

γ isolation

no overlap between 
the samples used 

for βγ and βj

γ+≥2jets

https://doi.org/10.1016/j.nuclphysb.2017.03.006
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Z+ (up to 7) jets at √13 TeV
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arXiv:1702.05725
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Z+jets at 13 TeV
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arXiv:1702.05725 up to Njets = 7

Improved ME + PS 
integrated in new 

Sherpa
Improved ME + PS 

in MaGraph

New complete NNLO 
calculation 

subtraction technique  
based on N-jettiness

cross section ranging from 
1 nb to 10-5 nb

Steady progress in 
theory calc. and MC

Motivations


Precision test of pQCD: 


︎test state-of-the-art NLO and NNLO pQCD calculations 


Accurate modeling of an important background to rare SM 
processes, Higgs Physics and New Physics searches


validation of MCs using Matrix Element (ME) + Parton Shower (PS)

https://arxiv.org/abs/1702.05725
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Observables: differential cross sections vs 


Njets (inclusive and exclusive), leading jet 
pT and y, scalar sum of transverse 
momentum of jets and leptons HT, 
angular variables Δφjj and mjj for Njets≥2


Z+jets 
@13 TeV
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up to Njets = 7

Detector level distribution

e+e-

Fully compatible 
e+e- and μ+μ- at 
particle level are 
combined

background 
subtraction

inclusive σ(Zll+≥Njets)

 Good modeling of incl. and excl. jet multiplicity 
except at very high jet multiplicity 

Z+≤4j@NLO

Z+≤2j@NLO+2j@LO+PS

Z+≤5j@LO+PS

Z+≤2j@NLO+PS

Z+≤4j@LO+PS

Fiducial Particle Level                       
Cross Section x BR( Z➛ll ) 

Leptons:  dressed, pT>25GeV, |η|<2.5 
Jets: anti-kT (R=0.4) for final state 

particles with cτ>1cm, pT>30GeV, |y|<2.5 
Event: ΔR(l,j) > 0.4, 71<Mll <111 GeV

inclusive σ(Zll+≥Njets)

Deconvolution of 
detector effects

arXiv:1702.05725

https://arxiv.org/abs/1702.05725
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Z+jets at 13 TeV results
Good agreement of all 
generators and fixed 
order calculation based 
on NLO ME


LO ME+PS: 


ALPGEN 


MG5_aMC+Py8 
CKKWL predicts a too 
hard spectrum for 
pT>200GeV


dynamic choice of μR 
and μF not well suited   
to the full pT range 


Nice agreement of the 
fixed order  NNLO 
prediction (Z+≥1jet Njetti 
NNLO) with data


tested for Njets≥1

�11

😟

😀

😀

😀
Clear gain moving from NLO 

ME to NNLO;                        
(N)LO-ME+PS not too accurate

HT used in searches for heavy 
particles decaying to reach final 

states + common choice for μR/μF

l+l- and j pT Scalar sumleading jet pT for Z+≥Njets

arXiv:1702.05725

https://arxiv.org/abs/1702.05725
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Z+jets at 13 TeV results

�12

  Δφjj   and   Mjj    

for Z+≥2jets later in the talk 

arXiv:1702.05725

https://arxiv.org/abs/1702.05725


Stefania Spagnolo Low x 2017, Bari 13-18 Juneγ/W/Z+jets in ATLAS 01

KT splitting scale in Z events at √8 TeV 
arXiv:1704.01530
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arXiv:1704.01530

https://arxiv.org/abs/1704.01530
https://arxiv.org/abs/1704.01530
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KT splitting scale in Z➛ll events at 8 TeV
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arXiv:1704.01530

d01, d02, d12, 
d0b, d1b,d2b

d2=d12

d12-0, d0b, d12b

d1=d0b

d12b

d0=d12b
N=0

N=1

N=2

N=3

d0 ≡ pT2 of the leading jet
√dk ≡ resolution needed to see the        

(k+1)-th jet in an iteration with k jets  

1st iteration
2nd iteration

3rd iteration

Test of pQCD with jet production rate as a 
function of the jet-resolution scale of the 
anti-KT jet-clustering algorithm: 


initial condition: N input momenta, 
distances: dij and dib for all i and j>i                                            
dK = min(dij,dib) for all i,j


at any iteration, the number of momenta 
available for clustering decreases: k+1➛k 

momenta i and j are 
merged if dK = dij

momentum i is classified 
as a jet if dK = dib

Differential cross sections of Z➛ee and Z➛μμ 
as a function of √dk for k=0-7 corrected at 
charged (and at charged + neutral) particle 
level via Bayesian unfolding 

Same lepton definition as in Z+jets analysis                                
71<Mll <111 GeV


Hadrons: charged tracks with pT > 400 MeV and |η| < 2.4 
used to measure √dk with R=0.4 and R=1.0

Observables

The anti-kT algorithm flow

https://arxiv.org/abs/1704.01530
https://arxiv.org/abs/1704.01530
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KT splitting scale in Z➛ll events at 8 TeV
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arXiv:1704.01530

Ch. particle level 

Low scales probe 
hadronization and 

fragmentation/UE/PS

High scales 
probe pQCD

MEPS@NLO in SHERPA2.2 Z+≤2j@NLO+2j@LO+PS 

NNLOPS = NNLO Z+j ME with MiNLO 
prescription for μF μR, PS from Pythia8  

Theory Predictions

At low-order (d0, d1) both predictions overshoot data 
at low scales and fall 20% below data @ 3GeV

At dk>2 NNLOPS in good agreement with data in the soft 
hadronic activity regime


In the perturbative region at all k NNLOPS 
(MEPS@NLO) overestimates (agree with) data 

A lot of input data for generator tuning

😟

https://arxiv.org/abs/1704.01530
https://arxiv.org/abs/1704.01530
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Angular distribution of W events with                      
high pT jets at √8 TeV


 aka Collinear W production
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PLB765(2017)132

μ±

ν

http://www.sciencedirect.com/science/article/pii/S0370269316307419
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t

b

μ±

ν

Collinear W production at √8 TeV
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PLB765(2017)132

q

±g

q
q’

g

W+≥1jet

W and leading pT jet 

are back to back 

jj+W

high pT jets are 
back to back

a real W is radiated 
off a quark

Can be described with a formalism 
≈ Sudakov parton showering

Collinear divergence for mW➛0 

➥ collinear enhancement for high pT of the jet

W➛μν                                      
pTμ > 25 GeV, |ημ|<2.4 

≥1 j with pT > 500 GeV |ηj|<2.1


0.2 < ΔR (closest-j,μ) < 2.4 

closest-j = any jet with                         
pT>100 GeV and |ηj|<2.1 

no b-jets, no e±, no other μ±,             
no requirements on missing ET

topology 
similar to 

boosted top 
decay 

LO W+ ≤5 j +PS

NLO in α and αs

NNLO in αs

LO +PSMC
Fix

ed



ord
er

Theory predictions

q

http://www.sciencedirect.com/science/article/pii/S0370269316307419
https://arxiv.org/abs/1704.01530
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Collinear W production 
at √8 TeV

�18

Multijet CR

top CR
Z+jets CR

purity 
93%

purity 
91%

Signal 

Region

require 2    
b-tagged 

jets

purity 
94%

require 2μ with 
60<mμμ<120 GeV

reverse μ 
isolation 

cuts

3 main 
backgrounds 


shape from 
ALPGEN 


normalization 
from data in 

CRs

W+jets from ALPGEN 
normalization scaled by 

0.711 ± 0.016                       
to match data over the 

entire ΔR range

PLB765(2017)132

http://www.sciencedirect.com/science/article/pii/S0370269316307419
https://arxiv.org/abs/1704.01530
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Alpgen overestimates the cross section in the 
collinear region 


Weak showering in PYTHIA8 does not account 
properly for real W radiation


Good agreement with data for 


SHERPA+OPENLOOP NLO QCD + EW


W+≥1jet Njetti NNLO

Collinear W production at √8 TeV
Particle level Fiducial Cross Section = selection cuts but 
no veto on b-jet 

Bayesian unfolding of detector level distributions

�19

PLB765(2017)132

particle level differential cross section

😀
😀

😟

😟

collinear enhancement increases with leading jet pT 
as expected - see backup for more

http://www.sciencedirect.com/science/article/pii/S0370269316307419
https://arxiv.org/abs/1704.01530
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Electroweak production of Wjj at 7 and 8 TeV and limits on 
anomalous trilinear gauge boson couplings

�20

arXiv:1703.04362

https://arxiv.org/abs/1703.04362
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Electroweak production of lνjj

Focus on Wjj production via VBF 

however the other EW Wjj channels cannot 
be distinguished


QCD production σ ∼ 10 x σew  

some interference exists between QCD 
and EW processes


EW and QCD processes populate 
preferentially different regions of the Mjj 
distribution 

Accurate modeling of QCD Wjj production 
is essential

�21

lνjj O(α2)

lνjj O(αsα)

pure electroweak 
production

QCD production

arXiv:1703.04362

VBF is sensitive to Anomalous 
Trilinear Gauge Couplings 

Deviations from SM increase at 
high momentum transfer in the 

scattering 

https://arxiv.org/abs/1703.04362
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Electroweak 
production of lνjj
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arXiv:1703.04362

e or μ

QCD Wjj

Jet centrality

e or μ
jet

e or μ
jet

EW enhanced SR 
purity ≳15%average


 rapidity
y1+y22yc=

QCD Wjj

Centrality 

 |y-yc| / Δy(j1,j2) 

< 0.4 ➛ central l± or j 

inclusive selection
Le

pt
on

 c
en

tra
lit

y 
   

   
 

QCD Wjj component constrained 
in the forward-lepton CR 
validated in the central-jet CR          

https://arxiv.org/abs/1703.04362
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Electroweak production of lνjj
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after subtraction of  
non-Wjj processes 

μQCD = 1.09 ± 0.02 (stat) @ 8 TeV 

Fiducial cross section for EW Wjj                        
 POWHEG+PYTHIA8

Many differential cross sections 
in the inclusive selection and in 

the EW enhanced signal selection 
@ 8 TeV challenging QCD 
predictions in an extreme 
region of the phase space

Mjj CR

Mjj SR

arXiv:1703.04362

μQCD = 1.16 ± 0.04 (stat) @ 7 TeV 
most 

precise 
LHC EW 
meas. 
today

QCD Wjj component 
constrained in shape of  
the Mjj distribution using 
the forward-lepton CR 

           


normalisation(/SM) of 
QCD and EW Wjj 

components in the SR free 
in a fit to the observed Mjj 

spectrum 

https://arxiv.org/abs/1703.04362
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V+jj differential cross sections


QCD+EW W+≥2jets vs QCD Z+≥2jets 
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arXiv:1703.04362

VBF phase space but 
QCD Wjj CR

NLO Powheg+Pythia8 LO Sherpa 
and resumed HEJ fail to describe 

data in the region of small Δφ

Δφjj

sensitive to CP violating aTGC

😟

8 TeV

https://arxiv.org/abs/1703.04362
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V+jj differential cross sections


QCD+EW W+≥2jets vs QCD Z+≥2jets 
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arXiv:1703.04362

Excellent agreement testing balance of soft 
(PS) and hard (ME) emission in generators

VBF phase space but 
QCD Wjj CR

SM phase 
space

NLO Powheg+Pythia8 LO Sherpa 
and resumed HEJ fail to describe 

data in the region of small Δφ

😀

Δφjj

sensitive to CP violating aTGC

😟

a step back

arXiv:1702.05725

13 TeV

8 TeV

https://arxiv.org/abs/1703.04362
https://arxiv.org/abs/1702.05725
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V+jj differential cross sections


QCD+EW W+≥2jets vs QCD Z+≥2jets 
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arXiv:1703.04362

Main signal/noise 
discriminant in 

searches

Good overall 
Z+≤4j@LO+PS predicts a 

too hard spectrum 

VBF phase space

SM phase 
space

NLO Powheg+Pythia8 and LO Sherpa 
provide a reasonable modeling of data         
EW contributions are mandatory 🤔

😐

Mjj

a step back

13 TeV8 TeV EW enhanced

What about above 1 TeV ?

arXiv:1702.05725

https://arxiv.org/abs/1703.04362
https://arxiv.org/abs/1702.05725
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EW production of Z+≥2jets at 13 TeV

�27

a step forward

😟

13 TeV

NEW

preliminary results

A general VBF style selection                                                 
+ signal/control/inclusive regions

QCD CR 

Signal Region

A jet in the rapidity 
gap between the 2 
leading jets

The SR after 
scaling of the 
QCD prediction 


Non-QCD 
backgrounds 
subtracted Large scale factors (data/theory) mjj dependent 

needed to match all QCD predictions to data          
confirming results in EW Zjj at 8 TeV JHEP04(2014)031

A QCD enriched Zjj CR region in a VBF phase space is exploited 
to model the QCD Zjj background in the EW signal region



Stefania Spagnolo Low x 2017, Bari 13-18 Juneγ/W/Z+jets in ATLAS

Conclusions
Many interesting results from ATLAS on the associated production of gauge 
bosons and jets  


improved understanding and modelling of abundant backgrounds to searches and 
measurements or rare processes


Great job of QCD theory predictions in describing the data, but more progress is needed  


in regions of the phase space that are accessed now at LHC for the first time 


VBF topologies,  mjj >1TeV,  EγT >750 GeV, …


when properties of data are investigated from an unconventional perspective


kT splitting scale study 


All ATLAS SM results at  

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
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Backup
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 γ+jets at 8 TeV results
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NPB918(2017)257

leading jet pT for Z+≥1jet
photon ET for Z+≥1jet

Good agreement 
between data and 
NLO prediction by 

JETPHOX for all 
variables        

m(γ,jet) for Z+≥1jet

😀
😀

Fair description of data by MC 
based on LO-ME (SHERPA 

overshooting data at EγT>500 GeV, 
similar but less pronounced 

mismodeling in PYTHIA)

https://doi.org/10.1016/j.nuclphysb.2017.03.006
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Shape of distributions sensitive to 
the dynamics of γ production 
changes with mγj - scale 
dependence is well modelled by 
NLO fixed order predictions and 
LO+PS MC


comparison with LO MC 
generators

 γ+jets at 8 TeV results

�31

scale dependence of cosθ* for Z+≥1jet

MC Generators

MC Generators

MC Generators MC Generators

MC Generators MC Generators

NPB918(2017)257

😀

https://doi.org/10.1016/j.nuclphysb.2017.03.006
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 γ+jets at 8 TeV results
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NPB918(2017)257

details of the selection 
requirements for each 
measurement

systematic uncertainties

https://doi.org/10.1016/j.nuclphysb.2017.03.006
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 γ+jets at 8 TeV results
First differential 
measurements in ATLAS 
of  Z+≥2jets and Z+≥3jets 

NLO fixed order predictions 
describe well the data (2σ 
dev. at EγT >750 GeV) 


LO 2➛2 ME + PS in PYTHIA 
is unable to reproduce the 
data 


LO 2➛ γ+≤4j ME too hard 
Eγ

T spectrum above 500 
GeV, but good modeling 
overall


 scale dependence well 
reproduced

�33

NPB918(2017)257

Z+≥2jets

https://doi.org/10.1016/j.nuclphysb.2017.03.006
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 γ+jets at 8 TeV results
First differential 
measurements in ATLAS 
of  Z+≥2jets and Z+≥3jets 

NLO fixed order predictions 
describe well the data (2σ 
dev. at EγT >750 GeV) 


LO 2➛2 ME + PS in PYTHIA 
is unable to reproduce the 
data 


LO 2➛ γ+≤4j ME too hard 
Eγ

T spectrum above 500 
GeV, but good modeling 
overall


 scale dependence well 
reproduced

�34

NPB918(2017)257

Z+≥3jets

https://doi.org/10.1016/j.nuclphysb.2017.03.006
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Z+jets at 13 TeV

�35

arXiv:1702.05725 up to Njets = 7

Detector level distribution

e+e-

Particle level cross section

Deconvolution 
of det. effects

Fully compatible     

e+e- and μ+μ- 

at particle level  

back
ground 

subtra
ctio

n

e+e-

μ+μ-

Fiducial Particle Level                       
Cross Section x BR( Z➛ll )        

Leptons:  dressed, pT>25GeV, |η|<2.5 
Jets: anti-kT (R=0.4) for final state 

particles with cτ>1cm, pT>30GeV, |y|<2.5 
Event: ΔR(l,j) > 0.4, 71<Mll <111 GeV
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Z+≤2j@NLO+2j@LO+PS

Z+≤5j@LO+PS

Z+≤2j@NLO+PS

Z+≤4j@LO+PS

Z+jets at 13 TeV results

�36

arXiv:1702.05725

Ratio of inclusive σ(Zll+≥N+1jets)/σ(Zll+≥Njets)

exclusive σ(Zll+Njets)

 remarkably good since range of pTjet ≤1TeV 
while veto-pTjet as low as 30GeV  

Z+≤4j@NLO

arXiv:1702.05725
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Z+jets at 13 TeV

�37

arXiv:1702.05725arXiv:1702.05725

systematic 
uncertainties


 previous measurement at 7 TeV JHEP 07 (2013) 032


NNLO Z+≥1jet Njetti    R. Boughezal, X. Liu and F. Petriello, 
Phenomenology of the Z-boson plus jet process at NNLO,  
Phys. Rev. D 94 (2016) 074015, arXiv: 1602.08140 [hep-ph] 
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KT splitting scale in Z➛ll events at 8 TeV
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arXiv:1704.01530

At low-order (d0) both theory predictions 
overshoot the data at low scales, they 
are 20% below data around 3GeV


At dk>2 NNLOPS in good agreement with 
data in the soft hadronic activity regime


NNLOPS (MEPS@NLO) overestimates 
(agree with) data in the high perturbative 
region at all splitting scale orders


A lot of data for tuning generators

😟

Data systematic 
errors  are <10% 
for √dk <50 GeV 
and k<3           
(bigger for 
charged+neutral 
particle level cross 
section)

variations of 
the analysis 
do not change 
the Theory-
Data picture 

https://arxiv.org/abs/1704.01530
https://arxiv.org/abs/1704.01530
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Collinear W production at √8 TeV
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PLB765(2017)132

particle level differential cross section

collinear enhancement increases with leading jet pT as expected

http://aaa
https://arxiv.org/abs/1704.01530
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Electroweak production of lνjj
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ArXiv:1703.04362

Fiducial cross 
section for EW Wjj                      

in the Signal Region 
(≥15% pure)         

Ar
Xi

v:
17

03
.0

43
62

SM predictions: 
NLO ME for 
QED+EW Wjj 
PHOHEG+PYTHIA8 
and               
SHERPA

most 
precise 
today

High q
2
 transfer region - sensitive to anomalous 

gauge couplings: 


Mjj > 1 TeV and leading-jet pT > 600 GeV


30 events observed in data, 39 expected in SM

https://arxiv.org/abs/1703.04362
https://arxiv.org/abs/1703.04362
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V+jj differential cross sections 

QCD+EW W+≥2jets vs QCD+EW Z+≥2jets 
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😐

Mjj

8 TeV

VBF phase space                          
QCD Wjj enhanced CR+VR 😟

13 TeV NEW

QCD enriched 
Zjj CR                 

VBF phase space 

VBF phase space                          
QCD Zjj dominant

8 TeV

Confirming 
data/theory 
(dis)agreement 
seen in EW Zjj 
at 8 TeV

JHEP04(2014)031


