
Hasib Ahmed

Measurements of     +X using the ATLAS detector



2

Introduction
Large statistics and increased center-of-mass energy allows access 

to the phase space for    associated production at the LHC   

pb

✓   +jets @ 13TeV 
✓   +W/Z @ 13TeV 
✓   +γ @ 8 TeV 

 tt +H: see talk by  
Arthur Chomont at the 
Higgs+BSM (WG1) 
session 



Reconstruct both top quarks and 
study pT(thad), pT(   ) in different 

n-jet bins
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  +jets @ 13TeV: 3.2 fb-1

❖ Measurement of  additional jet activity 
produced in electron + muon    events: 

• 1e± and 1µ∓,  ≥ 2 b-tag jets

Eur. Phys. J. C77 (2017) 220 arXiv:1802.06572

❖ Measurement of    +jets differential cross 
section in electron or muon events 

• 1e or 1µ, ≥ 4 jets (≥ 2 b-tag )

Study additional jet multiplicity and 
additional jet-pT spectra

(submitted to JHEP ):

• Sensitive to initial/final state radiation (ISR/FSR) and modeling of                   
tt  production 

• Important test of  pQCD and Standard Model (SM) 
• Improve modeling of  parton shower and hadronization 
• Dominant background for several beyond SM searches 

https://link.springer.com/article/10.1140/epjc/s10052-017-4766-0
https://arxiv.org/abs/1802.06572
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Additional jet activity in eµ+2bjets events

• Clean signature and small uncertainties 

Background Estimation

Single top (Wt) ~ 3.1% Simulation normalized to 
predicted x-sec

Fake leptons ~ 1.6% Data driven

Z+jets < 1% Shape in simulation with 
normalization data driven

Diboson < 1% Simulation

• Additional jets pT thresholds of  25, 40, 60 
and 80 GeV

• ~25% discrepancy in jet multiplicity at 
the reconstruction level 

reco

• Unfold to particle level 

• Backgrounds ~ 4.5%
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eµ events: jet multiplicities
• Major systematic uncertainties:  

• jet energy scale (JES) 
• matrix element (ME), parton shower (PS), ISR/FSR 

• Sensitive to ME, PS and scale variation 
MG5_aMC@LO, Powheg  varies 5-10% but within 

the uncertainty for all PS except Herwig7

Herwig7 deviates significantly for all pT threshold  

pT > 25 GeV

pT > 25 GeV pT > 60 GeV
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eµ events: additional jet pT

• Major systematic uncertainties:  
•  JES/JER 
•  NLO generator 
• PS/hadronization 

• Normalized differential cross section: 
• additional leading jet/b-jet pT  
• compare various and ME and PS models 

Powheg+Herwig++ 
MG5_aMC@LO+Pythia8  

doesn’t provide good description  
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+jets in e/µ+jets events

Background Estimation

Single top ~ 5% Simulation and normalized to predicted 
cross section

Multijet ~ 4% Data driven

W+jets ~ 2 - 3% Shape in simulation, normalization of 
heavy flavor fraction  from data

Z+jets,    V, VV ~ 1- 2% Simulation and normalized to predicted 
cross sections.

• Sensitive to the effect of  gluon radiation on the kinematic 
variables of  tt production 

• Analysis divided into 4-jet excl., 5-jet excl., 6-jet incl. regions

• The distributions are unfolded to particle level

• Reconstruct the top quarks for pT(     ) and pT(   )thad
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e/µ+jets events: pT(thad) spectra  
• Dominant uncertainties:  

• flavor tagging (4-jet excl.) 
• JES/JER  increasing with jet multiplicity 

• Models underestimate (overestimate) the data at low (high) values  
• Agreement increases with jet multiplicity 

Powheg+Herwig++ is found to be  incompatible with data in χ2 test
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e/µ+jets events: pT(   ) spectra
• Strongly sensitive to gluon emission: 

• increasing pT(   ) with increasing jet multiplicity 

• Good agreement in 4-jet/5-jet region  
• Some discrepancy in 6-jet incl.

MG5_aMC@NLO is found to be  incompatible with data in χ2 test
6-jet incl.

6-jet incl.
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t +V(W/Z) @ 13TeV: 3.2 fb-1

ISR

FSR

• Direct measurement of  tZ coupling via FSR 
• BSM models could enhance the tt+V cross section 
• Dominant and irreducible background for many 

searches including tt+H production

arXiv:1309.1947

Divide to multiple regions for maximum sensitivity 

Simultaneous fit to the signal region (SR) and control 
regions (CR) to extract the  tt+W/Z cross sections

NLO QCD predictions:

σ(  Z) = 0.84 ± 0.09 (~11%) pb 
σ(  W) = 0.60 ± 0.08 (~13%) pb

JHEP 06,184 (2015)
JHEP 07, 079 (2014)

Eur. Phys. J. C77 (2017) 40

* same electric charge

*

https://arxiv.org/abs/1309.1947
https://link.springer.com/article/10.1007/JHEP06(2015)184
https://link.springer.com/article/10.1007/JHEP07(2014)079
http://link.springer.com/article/10.1140/epjc/s10052-016-4574-y
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tt+Z: 3-lepton and 4-lepton
Selection Main backgrounds

3lZ
• Z mass window < 10 GeV,   
• Pair of  opposite electric charge but same flavor 

(OSSF) leptons 
• Separate: 1b4j, 2b3j, 2b4j regions

• Fake leptons: data driven Matrix 
method 

• WZ: shape in simulation with 
normalization from fit to data in a 
control region (3L-WZ-CR)

4l

• 2 pairs of  OS leptons with at least 1 pair SF 
• Reconstruct two Z bosons 
• Separate by flavor: SF, DF(different flavor)  
• Separate: 4l-DF-1b, 4l-DF-2b, 4l-SF-1b, 4l-SF-2b

• ZZ: shape in simulation with 
normalization from fit to data in a 
control region (4L-ZZ-CR)

3L-WZ-CR 3L-Z-VR
4L-ZZ-CR

prefitprefit Validation Region (VR) 
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   +W:  SS 2µ  and 3L-noZ 

Selection Main backgrounds

3l 
noZ

• Z mass window > 10 GeV (Z veto) 
• Sum of  lepton electric charge ±1 
• 2 ≤ njets ≤ 4, nbjets ≥ 2

•    +Z : simultaneous fit  
•   +H : simulation  
• Fake leptons: data driven Matrix 

method

2µ

• 2 muons with same electric charge (SS) 
• Sum of  muon electric charge ±2 
• Scalar sum of  the pT of  µ+jets, HT > 240 GeV  
• Missing transverse momentum, ET(miss) > 20 GeV

• Fake leptons: data driven Matrix 
method

Validation regions (VR) to test the background estimations 

2µ-SS-VR3L-noZ-VR

tt̄

tt̄
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    +W/Z: Results

σ(  Z) = 0.9 ± 0.3 pb (~33.3%) 
σ(  W) = 1.5 ± 0.8 pb (~53.3%) 
correlation : -0.13

Observed (expected) significance over the background-only hypothesis:
• 3.9σ (3.4σ) for   Z 
• 2.2σ (1.0σ) for   W 

Simultaneous profile likelihood fit in 9 signal and 2 control regions

 Dominated by statistical uncertainty (31% and 48%) 
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    +γ @ 8TeV: 20.2 fb-1 JHEP 11 (2017) 086

• Direct probe of  electroweak tγ coupling  
• Direct probe of  V-A and A coupling at the   γ vertex 
• Dominant  background  in tt+H(→ γγ) 

ISR from top quark FSR 

Measured in e/µ+jets final state state

Optimized selection to enhance 
photons from top quark and to 

suppress ISR/FSR

* pTiso = sum of  the tracks within 
ΔR = 0.2 around a photon

Background template for pTiso extracted 
from control regions

prefit

https://link.springer.com/article/10.1007/JHEP11(2017)086
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   +γ : inclusive cross section

Maximum likelihood fit of  signal and background templates

Dominant uncertainties are hadron and electron fake estimate and 
statistics 

σfid = 139 ± 7 (stat) ±  17 (syst.)fb. (~13%) 
σtheory = 151 ± 24 fb (~16%)

postfit
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   +γ : differential cross section

Photon pT and |η| distributions are unfolded to particle level 

The calculated differential cross sections are in good agreement with 
theoretical predictions at NLO 
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Summary

Thank you!

•    +X measurements is an active field of  research at the LHC.   

• The current status of  the measurements at the ATLAS 
experiment for center of  mass energy of  13 TeV (3.2 fb-1) and 8 
TeV has been presented.  

• The measurements focused towards a less model dependent 
approach  by using well defined fiducial volume and unfolding 
procedures.   

• These measurements will provide strong constraints on the next 
iteration of  Monte Carlo tuning.  

• Precision measurements of    +X will require larger statistics and 
can be achieved with the large integrated luminosity of  Run II. 



BONUS
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tt+ n-jets in e/µ events
Background Estimation

Single top ~ 5% simulation and normalized to 
predicted cross section

Multijet ~ 4% data driven

W+jets ~ 2 - 3% shape in simulation, normalization of 
heavy flavor fraction  from data

Z+jets, ttV, VV ~ 1- 2% in simulation and normalized to 
predicted cross sections.

• Probe the effect of  gluon radiation on 
the kinematic variables of  tt production 

• Discrepancy in the pT(t-had) is 
observed

• 4-jet excl., 5-jet excl., 6-jet incl. regions

recoreco

• The distributions are unfolded to particle level

4-jet excl. 5-jet excl.
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eµ events: jet multiplicities-
additional models

20
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eµ events: χ2 for additional jet pT spectra
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e/µ events: χ2 

pT(t-had)

pT(tt)
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tt+V: fit
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    +W/Z: uncertainties and fit 
Dominated by statistical uncertainty 

Reconstructed objects is the main source of  systematic uncertainties 

Simultaneous profile likelihood fit in 9 signal and 2 control regions

WZ and ZZ normalizations are free parameters of  the fit 


