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Matrix-element generators: general 
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}  Important developments in most used matrix-element 
generators. General effort to include in most of them: 
}  NLO QCD calculations (automated in MadGraph/Sherpa) and 

multileg merging 
}  Reweighting for QCD scale, PDF uncertainties etc. in LHA3 
}  Parallelisation methods for the generator set-up (amplitude 

generation, phase-space sampling, MC integration)  
}  Loop-induced processes: 

}  Possible with internal or external OLPs  
}  Timing depending on the method used 
}  Not widely used in experiments yet  



POWHEG and MadGraph5_aMC@NLO 
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}  POWHEG recent updates: 
}  ttbar with QCD radiation in decays 
}  MiNLO’ method (to be) extended to include new processes 

}  MadGraph5_aMCatNLO recent                                      
updates: 
}  Effort towards mixed coupling                                                 

expansion (QCD + EW corrections) 
}  General framework for NLO                                           

QCD corrections of general                                              
Lagrangians (NLO QCD) 
}  Case-by-case support for EFTs 



Sherpa and AlpGen 
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}  Sherpa recent updates: 
}  Several bugfixes (forward jets) 
}  Multileg merging for loop-induced                                                    

tested for large set of processes 
}  New dipole parton-shower 

}  AlpGen: high-jet multiplicity specialist 
}  Maximum njet (further) increased 
}  Inclusion of EW corrections  
}  More hard processes and interfaces to parton-showers 
}  First tested using special setup on Argonne HPC 



Pythia8 and Herwig 
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}  Both now with possibility of including external ME provider 
(MadGraph)  

}  Pythia8 recent updates: 
}  More matching/merging options supported / «weak merging»  
}  New color reconnection model 
}  More processes included (double quarkonia) 

}  Herwig++ à Herwig7 a major update: 
}  End-to-end event simulation 

}  ME level via Matchbox (supports NLO, NLO                                                             
multileg merging in 7.1) 

}  Internal q-ordered and dipole showers 
}  Hadronization and decays 

}  Parallelisation methods available  



Generator integration (1) 
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}  Large manpower in both ATLAS and CMS needed 
}  Similar implementation: 

}  Event production run safely on the Grid (including LHE event 
production): in some cases use LHE external sources, by means 
of an internal (CMS) or general (ATLAS) parser 

}  Bottleneck is generator set-up for complex processes 
(«gridpack» production)  
}  Running this step on the Grid unsuccessful à need for local running 

on batch farms 
}  Very time consuming, not safe for job failures, hitting CPU and 

memory limit 
}  ATLAS use of supercomputers improves a little the situation   



Generator integration (2) 
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}  At event production level, ATLAS                                            
reports very large running time                                                   
per event, CMS does not 
}  Main differences: more intensive                                                        

use of Sherpa, aggressive pT binning 
 

}  Discussion: how much this should be uniformed between 
experiments, avoiding work overlap 
}  At gridpack level? 
}  At LHE-event level? 
}  At HepMC event level? 



Underlying event tuning 
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}  Very detailed tuning efforts from experiments 
}  UE, DPS, quark vs. gluon-induced processes  
}  Optimised tunes for both Pythia8 and Herwig++ 

}  Non-universality of tunes: a problem? 
}  Test different samples/phase space regions systematically 

}  PS MC soon with possibility to include some tuning 
uncertainties (e.g. on pT0) as event weights 



V+jets, VV, multijets and photons 
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V+jets and VV  
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}  Complete review of tools on the market and their 
accuracy, with emphasis on V+jets at NLO+Ps, V + heavy 
flavor and DY production at NNLO+PS 

}  Sherpa:  

Sherpa: MEPS@NLO
I generate MC@NLO samples, and separate their domain of validity using merging scale QMS

I d�n+1 receives contribution from Hn-events below QMS and from Sn+1 above QMS

I procedure can be iterated
Uncertainties

- µR and µF scale variation
- shower (“resummation”) scale: upper limit of parton evolution
- merging scale

F V + 0,1,2,(3,4) jets [Hoeche,Krauss,Schoenherr,Siegert ’12]
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Sherpa: MEPS@NLO

F 4 leptons + 0,1 jets [Cascioli,Hoeche,Krauss,Maierhöfer,Pozzorini,Siegert ’14]

I important background in H ! WW , typically suppressed by jet-vetoing
I gg ! V V : finite subset of NNLO contribution

- first merging of 0-jet and 1-jet squared-loop contributions

F pheno study also for VV/VVV + 0,1 jets [Hoeche,Krauss,Pozzorini, et al. ’14]
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V/VV MG5_aMC@NLO and Powheg 
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}  Very good performance of MG5_aMC@NLO FxFx  

MadGrapg5 aMC@NLO: FxFx merging
I extensive phenomenological study published recently

[Frederix,Frixione,Papaefstathiou,Prestel,Torrielli ’15]

I estimation of perturbative uncertainty + shower “uncertainty”

1. QMS dependence is at most 1.5%. FxFx total typically 3-6% larger than exact inclusive
NLO+PS

2. once V + 2 jets at NLO+PS is included, also higher jet multiplicities are described
reasonably well

3. the inclusive NLO+PS result depends much more on the PS used

7 / 23

MadGrapg5 aMC@NLO: FxFx merging
I extensive phenomenological study published recently

[Frederix,Frixione,Papaefstathiou,Prestel,Torrielli ’15]

I estimation of perturbative uncertainty + shower “uncertainty”

1. QMS dependence is at most 1.5%. FxFx total typically 3-6% larger than exact inclusive
NLO+PS

2. once V + 2 jets at NLO+PS is included, also higher jet multiplicities are described
reasonably well

3. the inclusive NLO+PS result depends much more on the PS used

7 / 23

•  Powheg has several processes 
@NLOPS with 1 or 2 vector bosons 
and up to 2 jets   

POWHEG NLO+PS
I several processs @ NLOPS with 1 or 2 vector bosons and up to 2 jets are available

F W+W+ + 2 jets

I computationally heavy, required several technical
improvements in the code

I background for double-parton / BSM with 2 same-sign
leptons

F EW induced process
I several applications [Jaeger,Zanderighi + al.]

I anomalous V V V couplings available for BSM studies
e.g. [Jaeger,Karlberg,Zanderighi ’13]

I plot: EW W+W�jj, with VBF cuts

...multijet merging with MiNLO...
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Herwig 7 and more  
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}  Herwig NLO+PS matching  

}  Other tools and generators  
}  UNLOPS  
}  Powheg + MiNLO 

Herwig 7: NLO+PS matching

I Herwig 7 now available, release note: arXiv:1512.01178

Data
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I New default: NLO matrix elements
matched to the parton shower

[Plätzer,Bellm,Wilcock,Rauch,Reuschle]

I NLOPS automated thanks to Matchbox:
ME from external provider via BLHA
[GoSam, MadGraph, NJet, OpenLoops,
VBFNLO]

I internal POWHEG and MC@NLO NLOPS
matching

I two different parton showers:
angular-ordered, dipole

I comprehensive perturbative uncertainties
estimation, within a single framework
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POWHEG+MiNLO merging
Multiscale Improved NLO [Hamilton,Nason,Oleari,Zanderighi, ’12, ’12]

I a-priori scale choice in multijet NLO computation
I correct weights of different NLO terms with CKKW-inspired approach (keeping NLO)
I from X + n jets at NLO+PS, can get finite results also for X + (n� 1), X + (n� 2),... jets

) it is a merging, without an external merging scale (just 1 event sample)
I formal accuracy of lower multiplicity fully understood for V/V + 1 jet merging (result shown

later), not yet for higher multiplicities

F V + 0,1,2 jets [Campbell,Ellis,Nason,Zanderighi, ’13]

I works clearly well also for 0- and 1-jet region
9 / 23



DY@NNLOPS 
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}  Reach NNLO + PS with 
Geneva  

}  Powheg+MiNLO 

 
 

NNLO+PS with Geneva

[Alioli,Bauer,Berggren,Tackmann,Walsh, ’15]

Events for 13 TeV studies are available
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DY@NNLOPS [POWHEG+MiNLO]
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NNLOPS Drell-Yan with UNNLOPS
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}  UNNLOPS 



V+jets and VV from ATLAS/CMS  
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}  Both experiments presented the status of the art of  data/MC 
studies on V,  V+jets and VV and set up currently used or planned for 
2016 data 

}  General phisolophy:  
}  7, 8 TeV unfolded data used to develop 13 TeV set up  
}  Comparisons with Run 1 samples also performed as legacy in lack of 

unfolded data (e.g.  Multi-boson) 
}  Approaches to estimate uncertainties on modeling also discussed in certain 

cases     

}  Preliminary results on data at 13 TeV for V+jets also shown  
}  More to be understood and developed: 

}  CMS: MG5_aMC@NLO 13 TeV comparisons show slightly higher 
predictions wrt to data 

}  ATLAS: exploit more FxFx, understand remaining discrepancies Sherpa – 
MG + Py8  



‘inclusive V’  
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}  V 

ATLAS-CMS MonteCarlo Generators workshop, Jan 11th, CERN

Vector boson kinematics
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Pt(m)>20 GeV |eta(m)|<2.1
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Powheg+pythia 6.4, excess in [10-30]
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DRAFT

Figure 2(a) shows the exclusive jet multiplicity in the 7 TeV Z+jets analysis, where it can be seen that all189

predictions agree with the data within uncertainties across all multiplicities. The HT distribution, where190

HT is the summed scalar pT of the leptons, jets and missing transverse energy, shown in Figure 2(b) shows191

good agreement, though with di�erent trends in each generator. For example, the MadGraph+Pythia8 A192

predicts larger HT than Sherpa 2.2 across most of the phase space. The leading and second jet pT and193

rapidity, shown in Figure 3, show some issues in Sherpa 2.1, with an excess of events at high jet rapidity.194

A slope relative to data for jet pT below 100 GeV is also observed, which is found to be unrelated to the195

issue at high jet rapidity. These features are both improved by the new tune used in Sherpa 2.2. The196

MadGraph+Pythia8 A predictions in jet pT have a tendency to be harder than the data. Investigations197

with MadGraph+Pythia8 identified sensitivity to the choice of scale for the unordered shower emissions198

in certain topologies. The tuning of this scale parameter in MadGraph+Pythia8 B leads to an improved199

description of the jet pT data. The aMC@NLO FxFx MC gives a reasonable description of the pT and200

rapidities of the jets.201

Angular correlations between the two leading jets, and the invariant mass of this two-jet system in Z202

events are shown in Figure 4. The small mismodelling in �� by Sherpa 2.1 is improved in Sherpa 2.2.203

Similarly, the excess at high �y in Sherpa 2.1 is improved in Sherpa 2.2, although the description is not204

perfect. The other MCs show a reasonable level of agreement with the data.205

Comparisons in Z+b-jets events are show in Figure 5, including the b-jet pT and rapidity, the �� between206

the Z and b, in events with at least two b-jets, the invariant mass of the system of the leading two207

b-jets. All generators perform reasonably well at describing the rate and shapes of the data, although208

Sherpa 2.1 slightly under-predicts the rate of high pT b-jets, which is improved in Sherpa 2.2. The two209

MadGraph+Pythia8 predictions show some mismodelling of high��(Z, b� jet), and a slight overestimate210

of the overall rate of b-jet production which increases for the MadGraph+Pythia8 B tune.211
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Figure 1: The (a) rapidity and (b) pT of the Z boson in the 7 TeV inclusive Z analysis. No k-factor is applied to the
aMC@NLO sample.
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V+jets 
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}  Leading jet kinematics  

ATLAS-CMS MonteCarlo Generators workshop, Jan 11th, CERN

Leading jet kinematics
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8 8 Results

8.2 Differential cross section in jet pT

The measured differential cross sections as a function of jet pT for the first, second, third fourth
and fifth jets are presented in Fig. 3, 4, and 5. The cross sections are falling rapidly with increas-
ing pT for all the jets in the final state: for the jets with the largest transverse momentum (Fig. 3
left) it decreases over almost two orders of magnitude for pT between 30 and 100 GeV, while
the cross section for the 5th jet decreases over 3 orders of magnitude in the same pT range.

For the leading jet, the agreement of the MADGRAPH prediction with the measurement is very
good up to �150 GeV. Discrepancies are observed from �150 GeV to �450 GeV. A similar
bump on the ratio with the tree level calculation was observed at

⇥
s = 7 TeV in the CMS

measurement [8], using for the prediction the same generators as here, as well as in the ATLAS
measurement [5], using ALPGEN [36] interfaced to HERWIG [37] for the prediction. The SHERPA
calculation predicts a slightly harder spectrum than the measurement. The pT distributions of
subsequent jets (2nd to 5th) are well described by both models within the uncertainties. SHERPA
is predicting a different behaviour at low pT than MADGAPH. The accuracy of the measurement
does not allow arbitrating this difference.
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Figure 3: Differential cross section measured as a function of the (left) 1st and (right) 2nd jet pT
compared to the SHERPA and MADGRAPH Monte Carlo predictions. The lower panels show
the ratios of the theory predictions to data. Error bars around the experimental points show the
statistical uncertainty, while the crosshatched bands indicate the statistical plus systematic un-
certainties added in quadrature. The colored filled band around the MC prediction represents
the statistical uncertainty of the generated sample.
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8.2 Differential cross section in jet pT

The measured differential cross sections as a function of jet pT for the first, second, third fourth
and fifth jets are presented in Fig. 3, 4, and 5. The cross sections are falling rapidly with increas-
ing pT for all the jets in the final state: for the jets with the largest transverse momentum (Fig. 3
left) it decreases over almost two orders of magnitude for pT between 30 and 100 GeV, while
the cross section for the 5th jet decreases over 3 orders of magnitude in the same pT range.

For the leading jet, the agreement of the MADGRAPH prediction with the measurement is very
good up to �150 GeV. Discrepancies are observed from �150 GeV to �450 GeV. A similar
bump on the ratio with the tree level calculation was observed at

⇥
s = 7 TeV in the CMS

measurement [8], using for the prediction the same generators as here, as well as in the ATLAS
measurement [5], using ALPGEN [36] interfaced to HERWIG [37] for the prediction. The SHERPA
calculation predicts a slightly harder spectrum than the measurement. The pT distributions of
subsequent jets (2nd to 5th) are well described by both models within the uncertainties. SHERPA
is predicting a different behaviour at low pT than MADGAPH. The accuracy of the measurement
does not allow arbitrating this difference.

) [GeV]
1

(j
T

p

-510

-410

-310

-210

-110

1

10

Data

2j@NLO 3,4j@LO + PS)!Sherpa2 (

4j@LO + PS)!Madgraph + Pythia6 (

CMS Preliminary
 (8 TeV)-119.6 fb

 (R = 0.5) JetsTanti-k
| < 2.4 jet" > 30 GeV, |jet

T
p

 ll channel#*$Z/

)  
[p

b/
G

eV
]

1(j T
/d

p
%d

) [GeV]
1

(j
T

p
100 200 300 400 500 600 700 800 900 1000

Sh
er

pa
2/

D
at

a

0.5

1

1.5

Stat. unc. (gen)

) [GeV]
1

(j
T

p
100 200 300 400 500 600 700 800 900 1000

M
ad

G
ra

ph
/D

at
a

0.5

1

1.5

Stat. unc. (gen)

) [GeV]
2

(j
T

p

-610

-510

-410

-310

-210

-110

1

10
Data

2j@NLO 3,4j@LO + PS)!Sherpa2 (

4j@LO + PS)!Madgraph + Pythia6 (

CMS Preliminary
 (8 TeV)-119.6 fb

 (R = 0.5) JetsTanti-k
| < 2.4 jet" > 30 GeV, |jet

T
p

 ll channel#*$Z/

)  
[p

b/
G

eV
]

2(j T
/d

p
%d

) [GeV]
2

(j
T

p
100 200 300 400 500 600 700 800

Sh
er

pa
2/

D
at

a

0.5

1

1.5

Stat. unc. (gen)

) [GeV]
2

(j
T

p
100 200 300 400 500 600 700 800

M
ad

G
ra

ph
/D

at
a

0.5

1

1.5

Stat. unc. (gen)

Figure 3: Differential cross section measured as a function of the (left) 1st and (right) 2nd jet pT
compared to the SHERPA and MADGRAPH Monte Carlo predictions. The lower panels show
the ratios of the theory predictions to data. Error bars around the experimental points show the
statistical uncertainty, while the crosshatched bands indicate the statistical plus systematic un-
certainties added in quadrature. The colored filled band around the MC prediction represents
the statistical uncertainty of the generated sample.
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and fifth jets are presented in Fig. 3, 4, and 5. The cross sections are falling rapidly with increas-
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statistical uncertainty, while the crosshatched bands indicate the statistical plus systematic un-
certainties added in quadrature. The colored filled band around the MC prediction represents
the statistical uncertainty of the generated sample.
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Figure 20: As in fig. 19, for the transverse momentum of the 1st jet.

Figure 21: As in fig. 19, for the transverse momentum of the 1st jet, in events with at least

two jets.

Figure 22: As in fig. 19, for the transverse momentum of the 1st jet, in events with at least

three jets.

for the measurement of ref. [28] (see fig. 1). If anything, in the present case the excellent

agreement of the merged predictions with the data extends to larger Njet values; however,

we do not consider this fact to be particularly significant, since here one is in a regime
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Figure 8: The pT and rapidity of the (a,b) leading, (c, d) subleading (e,f) third jets in the 7 TeV W+jets analysis. No
k-factor is applied to the aMC@NLO sample.
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Figure 1: Exclusive jet multiplicity. Data from ref. [28], compared to Herwig++ (left

panel) and Pythia8 (right panel) predictions. The FxFx uncertainty envelope (“Var”)

and the fully-inclusive central result (“inc”) are shown as green bands and red histograms

respectively. See the end of sect. 2 for more details on the layout of the plots.

Figure 2: As in fig. 1, for the transverse momentum of the 1st jet.

Figure 3: As in fig. 1, for the transverse momentum of the 3rd jet.
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Figure 3: Transverse momentum and rapidity of the leading (a,b), second (c,d) and third (e,f) jets, in the 7 TeV
Z+jets analysis. No k-factor is applied to the aMC@NLO sample.
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Figure 20: As in fig. 19, for the transverse momentum of the 1st jet.

Figure 21: As in fig. 19, for the transverse momentum of the 1st jet, in events with at least

two jets.

Figure 22: As in fig. 19, for the transverse momentum of the 1st jet, in events with at least

three jets.

for the measurement of ref. [28] (see fig. 1). If anything, in the present case the excellent

agreement of the merged predictions with the data extends to larger Njet values; however,

we do not consider this fact to be particularly significant, since here one is in a regime

– 21 –

Leading jet kinematics

10

W         Z

W+jets (7 TeV) Z+jets (7 TeV)

Eur. Phys. J. C (2015) 75:82

DRAFT

ATLAS data,
⌅

s=7 TeV
Sherpa 2.1
Sherpa 2.2
MG+Py8 A
MG+Py8 B
aMC@NLO FxFx

10�5

10�4

10�3

10�2

10�1

1

10 1

W ⇤ e� (MC) vs W ⇤ �� (data), dressed level

d⇥
W
+
⇥

1j
/d

pj T

100 200 300 400 500 600 700 800 900 1000

0.6

0.8

1

1.2

1.4

pj
T (leading jet) [GeV]

M
C

/D
at

a

(a)

ATLAS data,
⇤

s=7 TeV
Sherpa 2.1
Sherpa 2.2
MG+Py8 A
MG+Py8 B
aMC@NLO FxFx

10 1

10 2

W ⇥ e� (MC) vs W ⇥ �� (data), dressed level

d⇥
W
+
�

1j
/d

yj

0 0.5 1 1.5 2 2.5 3 3.5 4

0.6

0.8

1

1.2

1.4

|yj| (leading jet)

M
C

/D
at

a

(b)

ATLAS data,
⌅

s=7 TeV
Sherpa 2.1
Sherpa 2.2
MG+Py8 A
MG+Py8 B
aMC@NLO FxFx

10�5

10�4

10�3

10�2

10�1

1

10 1
W ⇤ e� (MC) vs W ⇤ �� (data), dressed level

d⇥
W
+
⇥

2j
/d

pj T

100 200 300 400 500 600 700

0.6

0.8

1

1.2

1.4

pj
T (2nd leading jet) [GeV]

M
C

/D
at

a

(c)

ATLAS data,
⇤

s=7 TeV
Sherpa 2.1
Sherpa 2.2
MG+Py8 A
MG+Py8 B
aMC@NLO FxFx1

10 1

W ⇥ e� (MC) vs W ⇥ �� (data), dressed level

d⇥
W
+
�

2j
/d

yj

0 0.5 1 1.5 2 2.5 3 3.5 4

0.6

0.8

1

1.2

1.4

|yj| (subleading jet)

M
C

/D
at

a

(d)

ATLAS data,
⌅

s=7 TeV
Sherpa 2.1
Sherpa 2.2
MG+Py8 A
MG+Py8 B
aMC@NLO FxFx

10�5

10�4

10�3

10�2

10�1

1

W ⇤ e� (MC) vs W ⇤ �� (data), dressed level

d⇥
W
+
⇥

3j
/d

pj T

50 100 150 200 250 300

0.6

0.8

1

1.2

1.4

pj
T (3rd leading jet) [GeV]

M
C

/D
at

a

(e)

ATLAS data,
⌅

s=7 TeV
Sherpa 2.1
Sherpa 2.2
MG+Py8 A
MG+Py8 B
aMC@NLO FxFx

10�1

1

10 1

W ⇤ e� (MC) vs W ⇤ �� (data), dressed level

d⇥
W
+
⇥

3j
/d

yj

0 0.5 1 1.5 2 2.5 3 3.5 4

0.6

0.8

1

1.2

1.4

|yj| (3rd leading jet)

M
C

/D
at

a

(f)

Figure 8: The pT and rapidity of the (a,b) leading, (c, d) subleading (e,f) third jets in the 7 TeV W+jets analysis. No
k-factor is applied to the aMC@NLO sample.
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Figure 1: Exclusive jet multiplicity. Data from ref. [28], compared to Herwig++ (left

panel) and Pythia8 (right panel) predictions. The FxFx uncertainty envelope (“Var”)

and the fully-inclusive central result (“inc”) are shown as green bands and red histograms

respectively. See the end of sect. 2 for more details on the layout of the plots.

Figure 2: As in fig. 1, for the transverse momentum of the 1st jet.

Figure 3: As in fig. 1, for the transverse momentum of the 3rd jet.
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Figure 3: Transverse momentum and rapidity of the leading (a,b), second (c,d) and third (e,f) jets, in the 7 TeV
Z+jets analysis. No k-factor is applied to the aMC@NLO sample.
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Figure 9: The (a) ��, (b) �y, (c) �R and (d) invariant mass of the leading and second jets in the 7 TeV W+jets
analysis. No k-factor is applied to the aMC@NLO sample.
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Figure 26: As in fig. 19, for the azimuthal distance between the two hardest jets.

Figure 27: As in fig. 19, for the rapidity distance between the two hardest jets.

Figure 28: As in fig. 19, for the �R between the two hardest jets.
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Figure 9: The (a) ��, (b) �y, (c) �R and (d) invariant mass of the leading and second jets in the 7 TeV W+jets
analysis. No k-factor is applied to the aMC@NLO sample.
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Figure 5: Transverse momentum (a) and rapidity (b) of b-jets in Z events, and (c) �� between the Z and b-jet for the
Z+b-jets analysis at 7 TeV. For Z events with at least two b-jets, (d) �R between the two leading b-jets. No k-factor
is applied to the aMC@NLO sample.
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Figure 5: Transverse momentum (a) and rapidity (b) of b-jets in Z events, and (c) �� between the Z and b-jet for the
Z+b-jets analysis at 7 TeV. For Z events with at least two b-jets, (d) �R between the two leading b-jets. No k-factor
is applied to the aMC@NLO sample.
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Figure 5: Transverse momentum (a) and rapidity (b) of b-jets in Z events, and (c) �� between the Z and b-jet for the
Z+b-jets analysis at 7 TeV. For Z events with at least two b-jets, (d) �R between the two leading b-jets. No k-factor
is applied to the aMC@NLO sample.
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Figure 5: Transverse momentum (a) and rapidity (b) of b-jets in Z events, and (c) �� between the Z and b-jet for the
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ATLAS MC note

MG predictions behave similarly, but 
show a large difference w.r.t. Sherpa 
(which seems to match the data).
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Figure 13: Transverse momentum and rapidity of the leading (a,b), second (c,d) and third (e,f) jets, for the Z+jets
analysis at 13 TeV.
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Figure 13: Transverse momentum and rapidity of the leading (a,b), second (c,d) and third (e,f) jets, for the Z+jets
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analysis at 13 TeV.
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}  Several types of multi-boson 
}  Several generators used  

Generators: CMS

• Experiments moving to the most advanced generators, many samples at NLO

• Baseline generators for 13 TeV: Powheg (CMS), Sherpa (ATLAS)

• Other generators also used: aMC@NLO, gg2VV, VBFNLO, MCFM, etc.

• Diboson MC samples in CMS (8 and 13 TeV):

Generator Process Setup

Powheg v2 + PYTHIA6 qq ! ZZ ! 4` (8 TeV) NLO, CT10
qq ! WW (8 TeV)

MadGraph5 + PYTHIA6 WZ ! 3`n (8 TeV) LO, CTEQ6L
qq ! WW (8 TeV)
qq ! ZZ ! 2`2n (8 TeV)
VVV (8 TeV)

MC@NLO 4.0 + HERWIG 6 qq ! WW (8 TeV) NLO, CT10

Sherpa v1 qq ! ZZ (8 TeV) LO, CTEQ6L

GG2ZZ gg ! ZZ (8 TeV) LO

GG2WW 3.1 gg ! WW (8 TeV) LO

PYTHIA6 WV (8 TeV) LO

Powheg v2 + PYTHIA8 WZ ! 3`n (13 TeV) NLO, NNPDF3.0
qq ! ZZ (13 TeV)

MCFM + PYTHIA8 gg ! ZZ (13 TeV) LO, NNPDF3.0

MadGraph5 aMC@NLO VVV (13 TeV) NLO, NNPDF3.0

Ximo Poveda (CERN) January 11, 2016 5

Diboson production

• Several types of multi-boson
production:

� Tree-level VV
� Loop-induced VV
� Electroweak diboson

production (VVjj)
� Tri-boson (VVV )
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Figure 1. Sample Feynman diagrams contributing to pp ! µ+�µe��̄e and pp ! µ+�µe��̄e + 1j
at NLO.

pp ! 4` and pp ! 4`+1j, which involve various q̄q, qg, q̄g and gg partonic channels. The
complete set of Feynman diagrams and related interferences is taken into account, including
single-resonant Z/�� ! e��̄eW

+(! µ+�µ) sub-topologies. Pentagons represent the most
involved one-loop topologies.

In addition to NLO corrections also squared quark-loop contributions to the partonic
channels gg ! 4`, gg ! 4` + g, gq ! 4` + q, gq̄ ! 4` + q̄, and qq̄ ! 4` + g are computed.
Corresponding Feynman diagrams are shown in Fig. 2. The most involved diagrams are
again pentagons. As discussed in Section 2.3, the inclusion of the quark-induced channels
is mandatory for a correct description of the full spectrum of jet emission based on the
merging of 4` and 4` + j simulations. Contributions where the leptons are coupled to
quark triangles via Z/�� exchange, like in the first two diagrams of Fig. 2, vanish due to
electroweak Ward identities [10]. In contrast, related topologies with an extra gluon in
the final state, like the last two diagrams in Fig. 2, yield non-vanishing contributions. The
various NLO and squared quark-loop amplitudes generated for the present study comprise
all relevant Higgs-boson contributions, including the interference of the Higgs signal with the
four-lepton continuum. However, for the background predictions presented in Sections 4–5
all Higgs-boson contributions have been decoupled by setting MH ! �.

A series of checks has been performed to validate all ingredients of the QCD correc-
tions. To check the correctness of the qq̄ ! 4` + 0, 1g OpenLoops matrix elements we
used an independent computer-algebra generator, originally developed for the calculations
of Refs. [43, 45]. The squared quark-loop gg ! 4` + 0, 1g amplitudes have been checked

– 11 –

Figure 1: Example Feynman diagrams contributing to fully leptonic pp � VV processes with up to one additional
parton in the final state.
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Figure 2. Sample Feynman diagrams involved in the squared quark-loop NNLO contributions to
pp ! µ+�µe��̄e and pp ! µ+�µe��̄e + 1j.

against MCFM [60] and Ref. [29]. The NLO and squared quark-loop integrated cross sec-
tions for pp ! 4` + 0, 1j and gg ! 4` + 0, 1g have been found to agree with various
results in the literature [13, 27, 29]. Finally, the NLO cross sections for hadronic 4` + 0, 1j

production have been reproduced with sub-permil statistical precision using an indepen-
dent Monte-Carlo generator, which was developed by S. Kallweit in the framework of the
pp ! W+W�bb̄ calculation of Ref. [45].

The calculation of tree-level matrix elements is performed either by the Amegic++ [61]
or the Comix [62] matrix-element generator, where Comix is used only for pp ! 4` + 2j

subprocesses. Integrated and real subtraction terms are computed with the method of
Catani and Seymour [53], using the automated implementation in Amegic++ [63].

3.3 Matching to the parton shower, multi-jet NLO merging,
and scale variations

The perturbative content of the various fixed-order, matched and merged simulations that
are presented in Sections 4 and 5 is illustrated in Table 1. Parton-level NLO predictions
for pp ! 4`+0, 1j are denoted as Nlo 4` and Nlo 4`+1j. Their NLO predictive power is
restricted to the 0- and 1-jet bins, respectively.4 In bins with one extra jet with respect to

4In this discussion of the perturbative accuracy we refer to jet bins in the inclusive sense. The 0-, 1-
and 2-jet bins should namely be understood as final states with � 0, � 1 and � 2 jets, or equivalently as
observables that explicitly or implicitly involve a corresponding number of jets.
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Figure 2: Example Feynman diagrams for squared quark-loop corrections contributing to fully leptonic pp � VV
processes with up to one additional parton in the final state.
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Figure 2. Sample Feynman diagrams involved in the squared quark-loop NNLO contributions to
pp ! µ+�µe��̄e and pp ! µ+�µe��̄e + 1j.

against MCFM [60] and Ref. [29]. The NLO and squared quark-loop integrated cross sec-
tions for pp ! 4` + 0, 1j and gg ! 4` + 0, 1g have been found to agree with various
results in the literature [13, 27, 29]. Finally, the NLO cross sections for hadronic 4` + 0, 1j

production have been reproduced with sub-permil statistical precision using an indepen-
dent Monte-Carlo generator, which was developed by S. Kallweit in the framework of the
pp ! W+W�bb̄ calculation of Ref. [45].

The calculation of tree-level matrix elements is performed either by the Amegic++ [61]
or the Comix [62] matrix-element generator, where Comix is used only for pp ! 4` + 2j

subprocesses. Integrated and real subtraction terms are computed with the method of
Catani and Seymour [53], using the automated implementation in Amegic++ [63].

3.3 Matching to the parton shower, multi-jet NLO merging,
and scale variations

The perturbative content of the various fixed-order, matched and merged simulations that
are presented in Sections 4 and 5 is illustrated in Table 1. Parton-level NLO predictions
for pp ! 4`+0, 1j are denoted as Nlo 4` and Nlo 4`+1j. Their NLO predictive power is
restricted to the 0- and 1-jet bins, respectively.4 In bins with one extra jet with respect to

4In this discussion of the perturbative accuracy we refer to jet bins in the inclusive sense. The 0-, 1-
and 2-jet bins should namely be understood as final states with � 0, � 1 and � 2 jets, or equivalently as
observables that explicitly or implicitly involve a corresponding number of jets.

– 12 –

Figure 2: Example Feynman diagrams for squared quark-loop corrections contributing to fully leptonic pp � VV
processes with up to one additional parton in the final state.

5th January 2016 – 18:19 5

• MC samples typically produced according to final state (fully leptonic,
semi-leptonic, etc.) and charged lepton multiplicity

• This talk will focus on multiple W /Z boson production

• Will not cover V g, V gg (MG5 aMC@NLO samples avilable in ATLAS)

• Will not cover VH, VHj production

• Lots of studies and generator validation performed before Run-2 start ! Some
of the studies made at

p
s = 8 TeV data and/or Run 1 MC set up to understand

the behavior of the MC with respect to data (even without unfolding)

Ximo Poveda (CERN) January 11, 2016 4

Generators: ATLAS

• Experiments moving to the most advanced generators, many samples at NLO

• Baseline generators for 13 TeV: Powheg (CMS), Sherpa (ATLAS)

• Other generators also used: aMC@NLO, gg2VV, VBFNLO, MCFM, etc.

• Diboson MC samples in ATLAS (13 TeV only):

Generator Process Setup

Sherpa 2.1.1 qq ! VV ! 4`,2`2n 0,1j@NLO + 2,3j@LO, CT10
qq ! VV ! 3`n ,4n 0j@NLO + 1,2,3j@LO, CT10
qq ! ZZ ! 2`qq,2nqq 0,1j@NLO + 2,3j@LO, CT10
qq ! WZ ,WW ! `nqq,2`qq,2nqq 0j@NLO + 1,2,3j@LO, CT10
gg ! VV ! 4`,2`2n 0,1j@LO, CT10
VVjj EWK 0,1j@LO, CT10
VVV fully leptonic 0j@NLO+1,2j@LO, CT10

Powheg v2 + PYTHIA8 qq ! WW ,WZ ,ZZ NLO, CT10 (CTEQ6L1), EvtGen

gg2VV + PYTHIA8 gg ! VV ! 4`,2`2n LO, CT10

VBFNLO + PYTHIA8 WWW LO, CT10

Ximo Poveda (CERN) January 11, 2016 6
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Fully leptonic dibosons: ZZ ! 4`
Phys. Lett. B 740 (2015) 250 (arXiv:1406.0113)
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• Comparison of Powheg+Pythia and MCFM with 8 TeV data

• Good agreement with data for both generators in many distributions

• Di↵erences between the generators appearing at very low pT of the ZZ system
and �f(ZZ) close to p, where Powheg reproduces the data better
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Relevance of comparing generators 
and calculations using coherent scales  



 ATLAS studies  
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}  Fully leptonic WW, WZ, ZZ: powheg+pythia8 and sherpa 
used. Differences under investigation  

}    

 
}  Semi-leptonic: 13 TeV simulation  

}  powheg v2 + pythia8 and sherpa 2.1  

}  Good agreement, well within uncertainties 

}  Similar studies and conclusions for  
}  W(lv)W(qq) 

}  Z(ll)Z(qq) 

}  W(lv)Z(qq) etc… 

 

Fully leptonic dibosons: ZZ ! 4`
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• Comparison of Powheg, Sherpa 2.1, Sherpa 1.4 (scaled to the v2.1 prediction)

• Sherpa 2.1 predicting significantly more jets than Powheg (NLO+PS setup
expected to not be su�cient to describe multi-jet configurations)

Ximo Poveda (CERN) January 11, 2016 8

Fully leptonic dibosons: WZ ! 3`n
ATL-PHYS-PUB-2016-002
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• Comparison of Powheg, Sherpa 2.1, Sherpa 1.4 (scaled to the v2.1 prediction)

• Sherpa 2.1 also has more forward activity than Sherpa 1.4

• Powheg predicting more central jets than Sherpa ! leading to deviations in
many other distributions (eg: jet rapidity di↵erence)
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Fully leptonic dibosons: VV ! 2`2n (opposite sign)
ATL-PHYS-PUB-2016-002
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• Comparison of Powheg, Sherpa 2.1, Sherpa 1.4 (scaled to the v2.1 prediction)

• Samples including WW and ZZ contributions (Sherpa also including the WW
and ZZ diagram interference leading to 2`2n)

• Powheg undershooting Z -peak region compared to Sherpa

• Sherpa 2.1 predicting higher jet multiplicities at Njet > 5, with also more
forward activity
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Semi-leptonic dibosons: W (`n)W (qq)
ATL-PHYS-PUB-2016-002
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• Comparison of Sherpa 2.1 (scale variations also shown) and Powheg

• Good agreement in many distributions (eg: leading jet pT) within the Sherpa
uncertainties

• Discrepancies in variables sensitive to extra radiation (eg: third leading jet pT),
since Sherpa includes LO matrix elements for up to three extra partons

• Similar observations for the other semi-leptonic diboson processes:
W (`n)Z(qq), Z(``)W /Z(qq)
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CMS studies 
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}  8 TeV results  Fully leptonic dibosons: WW ! 2`2n
arXiv:1507.03268
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• Comparison of MadGraph+Pythia, MC@NLO+Herwig, Powheg+Phythia with
8 TeV data

• No single generator better than the others for all distributions, some di↵erences
for all generators in �f``

• Good agreement for p``
T except for MC@NLO

• For leading lepton pT, MadGraph predicts too many events in the tails
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More work ahead… 
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}  Further studies on diboson and triboson 
}  Establishment of estimates of systematic uncertainties 

}  ATLAS/CMS could try to agree on the overall approach  

}  More studies on loop-induced and EWK processes  
}  On this, a theoretical overview from Marek  
}  For vector boson production: 

Loop-induced as sole production mechanism Loop-induced as additional production mechanism Tools Conclusion

Vector boson pair production

• relative size of contribution strongly dependent on observable,
but typically < 10%

Hirschi, Mattelaer JHEP10(2015)146

Marek Schönherr 13/20

Loop-induced as sole production mechanism Loop-induced as additional production mechanism Tools Conclusion
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More on loop-induced progresses 
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}  Multiple boson production (VVV, V including gamma, W, Z, H) 
}  Higgs production in gluon fusion 

}  For ggh correction to loop-induced flat and incorporated  
}  For pp à h + n-jets can be incorporated in all the multijet merged at NLO machinery – 

avialable in MG, OpenLoops, GoSam 

}  Interference in higgs production (e.g. new physics in pp à 4l, qqbar @NLO, gg 
@LO)  

}  Double/triple higgs production in gluon fusion 
}  Associated higgs production (gg àHZ, ggàHZg, gq àHZq, ggàHγg) 

Loop-induced as sole production mechanism Loop-induced as additional production mechanism Tools Conclusion

Associated Higgs production
Hespel, Maltoni, Vryonidou JHEP06(2015)065
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Jets, photon+jet, diphoton production 
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}  Highest order calculations 
accurately predict the 
inclusive jet cross-sections 
across phase-space 

}  As expected, PS MCs fail à 
need to use multi-leg 
generators  

}  Highest order calculations 
also able to predict photon 
and di-photon spectra 

}  Still more to be understood, 
possibly with new 
measurements from 
ATLAS and CMS 

Jet and Photon MC Uses and Modeling

Chris Young, on behalf of ATLAS and CMS

Modeling of Multi-jet Topologies: ATLAS 4-jet
! Looking at the minimal separation between any two jets we see that this

is also reasonably modeled.

26 / 47

Jet and Photon MC Uses and Modeling

Chris Young, on behalf of ATLAS and CMS

Photon-Jet Modeling
! ATLAS has produced preliminary results with the 13 TeV data from 2015

of the inclusive γ spectra [1]

! Initial agreement with the SHERPA Monte-Carlo appear to be favourable.

42 / 47



diphoton 
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}  m 

Jet and Photon MC Uses and Modeling

Chris Young, on behalf of ATLAS and CMS

Di-Photon Modeling
! ATLAS and CMS have produced results comparing the kinematics in

di-photon events with 2010 and 2011 data. [1] [2]

! Comparison with NNLO (and NLO) MC show good agreement.

45 / 47



Top production and more 
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Top Physics 

l Extensive tests and 
comparisons of many 
generator setups for tt, ttH, 
ttW/Z 

l Some attempts at tuning 
MC's 

- Need to understand most 
appropriate parameters to 
tune in this case (parton 
shower parameters, jet 
matching/emission veto 
parameters, etc) 



Heavy Flavour/Overlap Removal 
Discussion 

l W/Z+bb and tt+bb are important processes 
l Requirements from experiments: 

l Efficient generation of large statistics W/Z/tt + bb samples which can 
be consistently combined with inclusive W/Z/tt+jets sample 

l Current approaches 
l 4fs X+bb generation (issue: not easily combinable with inclusive 
sample) 
l 5fs X+bb generation (plus maybe additional filtering/
enhancement of parton-shower b contribution) (issue: several 
samples to combine, not straightforward to do efficiently at NLO) 

l Possible solutions: 
l Procedure to merge 4fs X+bb with inclusive X+jets 
l Ability to enhance b contribution in ME and/or PS for inclusive X
+jets sample 



Theory Uncertainties Discussion 

l Per-event weights are the most convenient mechanism to 
evaluate MC uncertainties 

- Currently available for ME renormalization/factorization scale and 
PDF variations 

- Available in the future for some PS uncertainties 

l Evaluating shape uncertainties associated with 
renormalization/factorization scale variations is not fully well-
defined: 

- Possible approaches: 
l Ad-hoc shape uncertainties (introduce linear slope/etc in 1D 
distributions) 
l Vary functional form for dynamic renormalization/factorization scales 
(possible with per-event weights with modest changes to workflow and/
or MC tools) 

- Monte Carlo tools with higher order resummation might provide 
more systematic prescription (eg. GENEVA) 



BSM, jet sub-structures 
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all you can do with the SM 
can be done with higher- 
dim operators. 

UFO 

SM EFT at Dim-6, Some 
Dim-8 operators available 

IMPLEMENTATIONS! EXAMPLES!



eventually full SMEFT@NLO can be expected. 



PDF 
uncertainties 
dominant 









Both ATLAS and CMS use 
unpolarized decay and then re-
weight after-the-fact (not the 
case for ATLAS in Run I) 







proper evaluation of theoretical uncertainties 







Closing remarks  
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}  Aim of this workshop: have a workshop focused on the 
discussion of the status, issues, needs and prospects for further 
development of the MC generators for LHC physics.  

}  Outcomes: establish common strategies where possible, 
follow up with theorists the several improvements on the 
market, have the best set up for generators to get the best out 
of 2016 analyses  

}  Action items: ATLAS/CMS representatives will follow up with 
theorists and groups on the various topics discussed 

 
Thanks for the great workshop and in particular to all speakers!  


