


The	  modelling	  of	  Minimum	  Bias	  (MB)	  and	  Underlying	  Event	  (UE)	  is	  a	  crucial	  
component	  in	  the	  descrip<on	  of	  so=	  QCD	  processes:	  

•  Both	  described	  by	  mul<-‐parton	  interac<ons	  (MPI)	  models	  
•  MPI:	   results	   of	   proton	   collisions	   containing	   more	   than	   one	   partonic	  

interac<on	  due	  to	  collec<ve	  and	  beam	  remnant	  effects.	  	  
	  
	  
In	  this	  talk,	  the	  focus	  will	  be	  on:	  
	  
•  Quick	  overview	  of	   charged	  par<cle	  mul<plici<es,	   inelas<c	   cross	   sec<on,	  

underlying	   events	   (details	   on	   MB,	   cross-‐sec<ons	   and	   UE	   are	   given	  
respec<vely	  in	  Jiri’s,	  Chris<an’s	  and	  Robert’s	  talks)	  

	  
•  Results	   of	   tunes	   of	   the	   Pythia8	   MPI	   parameters	   to	   recent	   ATLAS	  

measurements	  at	  7,	  8	  and	  13	  TeV.	  Tuning	   in	  presence	  of	  matching	  with	  
leading	  and	  next-‐to-‐leading	  matrix	  elements	  are	  also	  presented.	  
à  Pythia	  A3	  (ATL-‐PHYS-‐PUB-‐2016-‐017)	  
à MADGRAPH5_AMC@NLO+Pythia8	  (ATL-‐PHYS-‐PUB-‐2015-‐048)	  
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•  Monte	   Carlo	   generators	   used	   to	   simulate	  
events	   in	   High	   Energy	   Physics	   and	   other	  
applica<ons	  

•  ATLAS	   uses	  Pythia	   8	   as	   a	  Monte	   Carlo	   Event	  
Generator	  for	  many	  purposes	  
•  Main	  generator	  used	  to	  simulate	  pile-‐up:	  	  

Accurate	  descrip<on	  is	  fundamental	  
because	  it	  impacts	  the	  reconstruc<on	  
of	  many	  physics	  objects,	  such	  as	  jets,	  
photons,	  electrons	  and	  missing	  
transverse	  energy	  
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•  Pile-‐up	  dominated	  by	  events	  with	  low	  

momentum	  transfer	  	  
•  Generally	  described	  by	  

phenomenological	  models	  
•  Models	  steered	  by	  tunable	  

parameters	  
•  Need	  to	  be	  constrained	  with	  

data	  à	  MC	  Tuning	  
(parameter	  set	  =	  tune)	  
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Figure 18: Min-bias pp collisions at 7 TeV. Charged-multiplicity and p? distributions, with standard
(top row) and soft (bottom row) fiducial cuts, compared to ATLAS data [91].
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•  Hadron-‐hadron	  interac<ons	  described	  by	  a	  model	  that	  splits	  the	  total	  inelas<c	  cross	  sec<on	  
into	  non-‐diffracEve	  (ND)	  and	  diffrac<ve	  processes:	  	  
•  Non-‐diffrac<ve	  part	  dominated	  by	  t-‐channel	  gluon	  exchange	  (simula<on	  includes	  MPIs)	  
•  Diffrac<ve	  part	  involves	  a	  color-‐singlet	  exchange	  (further	  divided	  into	  single-‐diffracEve	  

(SD)	  and	  double-‐diffracEve	  (DD)	  dissocia<on)	  
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•  Tunes	  used	  in	  the	  latest	  measurements:	  
	  

•  A2	  (MSTW2008LO	  PDF)	  
•  Using	  7	  TeV	  ATLAS	  measurements	  of	  MB	  plus	  leading	  track	  	  
	  	  	  	  	  	  and	  cluster	  UE	  
•  Specific	  Minimum	  Bias	  Tune	  (A2)	  
•  Specific	  Underlying	  event	  tune	  (AU2)	  	  
	  
	  

•  Monash	  	  
•  Updated	  fragmenta<on	  parameters,	  minimum-‐bias,	  Drell-‐Yan	  	  
	  	  	  	  	  	  	  and	  underlying-‐event	  data	  from	  the	  LHC	  to	  constrain	  ISR	  and	  	  
	  	  	  	  	  	  	  MPI	  parameters.	  SPS	  and	  Tevatron	  data	  to	  constrain	  the	  	  
	  	  	  	  	  	  	  energy	  scaling.	  	  
•  Excellent	  descrip<on	  of	  7	  TeV	  MB	  pT	  spectrum.	  	   hhps://arxiv.org/pdf/1404.5630v1.pdf	  	  
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Figure 5: Distributions of primary charged particles in events for which nch ≥ 1, pT > 500 MeV and |η| < 2.5 as
a function of (a) pseudorapidity, η, (b) transverse momentum, pT, (c) multiplicity, nch, and (d) average transverse
momentum, ⟨pT⟩, versus multiplicity. The data, represented by dots, are compared to various particle-level MC
predictions, which are shown by curves. The shaded areas around the data points represent the total statistical and
systematic uncertainties added in quadrature.
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Figure 8: Distributions of primary charged particles in events for which nch ≥ 50, pT > 500 MeV and |η| < 2.5 as a
function of (a) pseudorapidity, η, and (b) transverse momentum, pT. The data, represented by dots, are compared
to various particle-level MC predictions, which are shown by curves. The shaded areas around the data points
represent the total statistical and systematic uncertainties added in quadrature.

Phase Space 1/Nev · dNch/dη at η = 0
nch ≥ pT [MeV ] > τ > 300 ps (fiducial) τ > 30 ps (extrapolated)

2 100 5.64 ± 0.10 5.71 ± 0.11
1 500 2.477 ± 0.031 2.54 ± 0.04
6 500 3.68 ± 0.04 3.78 ± 0.05
20 500 6.50 ± 0.05 6.66 ± 0.07
50 500 12.40 ± 0.15 12.71 ± 0.18

Table 1: Central primary-charged-particle density 1/Nev · dNch/dη at η = 0 for five different phase spaces. The
results are given for the fiducial definition τ > 300 ps, as well as for the previously used fiducial definition τ > 30 ps
using an extrapolation factor of 1.012 ± 0.004 (for pT > 100 MeV) or 1.025 ± 0.008 (for pT > 500 MeV), which
accounts for the fraction of charged strange baryons predicted by Epos LHC simulation.

The evolution of the primary-charged-particle multiplicity per unit pseudorapidity at η = 0 is shown in
Figure 9. It is computed by averaging over |η| < 0.2 in the 1/Nev · dNch/dη distribution. In order to make
consistent comparisons with previous measurements, these figures are corrected to the earlier τ > 30 ps
definition of stable particles (to include the fraction of short-lived particles which have been excluded
from this study), using a factor 1.012 ± 0.004 in the pT > 100 MeV phase space and 1.025 ± 0.008
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Best	  predic<ons	  given	  by	  EPOS	  (par<cularly	  in	  the	  
low	   pT	   regime),	   but	   Pythia	   8	   –	   A2	   and	  Monash	  
give	  reasonable	  results…	  



Nov	  28	  -‐	  Dec	  2,	  2016	   V.	  Cairo	   6	  

DL	  =	  Donnachie	  and	  
Landshoff	  (alternaEve	  
pomeron	  flux	  model)	  
	  

SS	  =	  Schuler	  and	  
Sjöstrand	  (default	  
pomeron	  flux	  model)	  

•  Primary	  MC	  samples	  for	  inelas<c	  cross-‐sec<on	  measurements	  are	  based	  on	  the	  Pythia	  8	  
generator	  either	  with	  the	  A2	  tune	  and	  the	  MSTW	  2008	  LO	  PDF	  set	  or	  with	  the	  Monash	  
tune	  and	  the	  NNPDF	  2.3	  LO	  PDF	  set	  (same	  tunes	  as	  for	  MinBias)	  

In	  the	  DL	  model,	  
the	  Pomeron	  Regge	  
trajectory	  is	  given	  
by	  α(t)=1+ε+α’t	  
with	  ε	  and	  α’	  free	  

parameters.	  
Default	  value	  (0.25)	  
was	  used	  for	  α’,	  but	  
different	  values	  

(from	  0.06	  to	  0.10)	  
were	  used	  for	  ε	  

DL	  models	  are	  
all	  giving	  
predic<ons	  

compa<ble	  with	  
the	  data	  (the	  
best	  one	  being	  
DL	  with	  ε=0.10)	  

SS	  model	  predicts	  74.4	  mb,	  and	  thus	  exceeds	  the	  
measured	  value	  by	  ~	  4	  σ	  



•  Summarising	  what	  shown	  in	  the	  previous	  slides:	  
	  

•  ATLAS	  used	  Run	  1	  data	  at	  the	  center-‐of-‐mass	  energy	  of	  7	  TeV	  to	  tune	  Pythia’s	  
MPI	  parameters	  à	  A2	  tune	  for	  MB	  &	  pile-‐up	  event	  simulaEon	  

	  
•  Reasonably	   good	   descripEon	   of	   the	   ATLAS	   Run	   2	   charged	   parEcle	  

distribuEons,	   but	   overes<ma<on	   of	   the	   fiducial	   inelasEc	   cross-‐secEon	  
compared	  to	  the	  ATLAS	  measurements	  at	  both	  √s=	  7	  and	  13	  TeV	  

	  
•  <μ>	  in	  simula<on	  reweighted	  to	  match	  data	  	  

•  rescaling	  factor	  (driven	  by	  the	  frac<on	  of	  the	  visible	  cross	  sec<on	  wrt	  the	  
total	   inelas<c	   cross	   sec<on	   for	   data	   and	   for	   MC)	   of	   1.11	   with	   large	  
uncertain<es	  	  

	  
•  In	   this	   scenario,	   the	   idea	   was	   to	   try	   and	   get	   an	   improved	   tune	   which	   beher	  

describes	   the	  visible	   inelasEc	  cross-‐secEon	  by	  s<ll	  giving	  good	  predicEons	  of	   the	  
charged	  parEcle	  distribuEons…	  
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•  Pythia	  8	  (v.	  8.186)	  with	  PDFs	  taken	  from	  LHAPDF	  version	  6.1.3	  	  
•  Rivet	  Analysis	  Toolkit	  (v.	  2.4.1)	  
•  PROFESSOR	  MC	  tuning	  system	  (v.	  1.4.beta)	  
•  Many	  parameters	  used	  for	  the	  tuning,	  each	  of	  them	  evaluated	  in	  a	  sampling	  range	  
•  Star<ng	  point	  is	  Monash	  :	  
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•  The	   parameters	   not	   men<oned	  
here	   are	   le=	   unchanged	   wrt	  
Monash	  

•  But…	   two	   important	   aspects	  
changed:	  
•  Double	  Gaussian	  profile	  with	  2	  

free	   parameters	   used	   in	   place	  
of	   the	   exponen<al	   overlap	  
func<on	  used	  by	  Monash	  

•  DL	   diffracEon	   model	   used	   in	  
place	   of	   the	   SS	  model	   used	   in	  
Monash	   (and	   in	   all	   the	   others	  
Pythia	  tunes)	  

	  

DL	  models	  has	  two	  tunable	  
parameters,	  which	  control	  the	  
Pomeron	  Regge	  trajectory	  

ATL-‐PHYS-‐PUB-‐2016-‐017	  



•  A	  wide	  range	  of	  analyses	  used	  for	  the	  tuning	  
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13 TeV MB ATLAS_2016_I1419652 [3]
13 TeV INEL XS MC_XS [5]
7 TeV MB ATLAS_2010_S8918562 [11]
7 TeV INEL XS ATLAS_2011_I89486 [4]
7 TeV RAPGAP ATLAS_2012_I1084540 [15]
7 TeV ETFLOW ATLAS_2012_I1183818 [14]
900 GeV MB ATLAS_2010_S8918562 [11]
2.36 TeV MB ATLAS_2010_S8918562 [11]
8 TeV MB ATLAS_2016_I1426695 [16]

Table 2: Names of the River routines. The last two were not used in tuning, but are stated for completeness as the final
tune is compared to them. The ATLAS 13 TeV INEL XS routine was not available at the time of this work, but the
analysis is identical to ATLAS 7 TeV INEL XS, except the fiducial phase space definition and easily implementable
in MC_XS routine.

2.2 Tuning process

The following measurements were used in this tuning:

ATLAS

p
s = 13 TeV: charged particle minimum-bias distributions [3] (referred as MB) and fiducial

inelastic cross-section [5] (referred to as INELXS);

ATLAS

p
s = 7 TeV: charged particle distributions [11], transverse energy flow [14] with the same event

selection as the charged particle distributions, but including neutrals (referred to as ETFLOW),
rapidity gaps [15] (referred to as RAPGAP) and fiducial inelastic cross-section [4];

ATLAS

p
s = 900 GeV: charged particle minimum-bias distributions [11].

The above information, and the corresponding Rivet routine names are shown in Table 2.

The previous ATLAS tunes were performed using the P�������� automated tuning tool, where each bin of
each observable was parametrised as a N-dimensional 3rd order polynomial based on the sampled tune
points in the parameter hypercube (N being the number of tuned parameters). These parametrisations were
then used to calculate a �2 with respect to the reference data, which was numerically minimised in the
parameter space to find the best tune point. Weight factors were used in the �2 and degree of freedom, Ndf,
calculation to place increased emphasis on certain observables.

In the current tuning, a di�erent approach was taken in which di�erent parameters were tuned independently.
A full P�������� tune varies all parameters simultaneously and includes the possibility of correlations
between the optimal values for di�erent parameters. Tuning some parameters independently reduces the
ability to account for such correlations, which are anticipated to be small in the case of this more limited
tuning dataset.

The tune was performed in several steps:

1. One and half million soft-QCD inelastic pp events were generated for five hundred parameter points
from the hypercube of these seven parameter ranges. This was done for each of the three center of
mass energies.

4

Not	  directly	  used	  for	  the	  tuning,	  but	  
compared	  with	  A3	  a=er	  the	  tuning	  
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•  New	  approach:	  
•  PROFESSOR	   was	   used	   in	   the	   past	   to	   parameterise	   each	   bin	   of	   each	  

observable	  as	  a	  N-‐dimensional	  3rd	  order	  polynomial	  (N	  being	  the	  number	  of	  
tuned	  parameters).	  The	  χ2	  wrt	  the	  reference	  data	  was	  then	  minimised;	  

•  Now:	  
1.  Generate	  so=	  QCD	  inelas<c	  pp	  events	  	  
2.  Tune	   to	   the	   MB	   observables	   first	   (only	   measurements	   available	   at	  

many	  √s)	  
3.  Add	  other	  measurements	  and	  check	  effects	  on	  parameters	  	  
4.  Tune	  everything	  together	  and	  ensure	  things	  look	  reasonable	  
5.  Pick-‐up	  the	  values	  which	  give	  the	  best	  results	  compared	  to	  data	  
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Parameter Observation from Step 2 Observation from Step 3

MultipartonInteractions:pT0Ref Within 2.4 and 2.5 -
MultipartonInteractions:ecmPow Fixed at 0.21 Fixed at 0.21
MultipartonInteractions:coreRadius Poorly constrained Around 0.5
MultipartonInteractions:coreFraction Poorly constrained Poorly constrained
BeamRemnants:reconnectRange Around 6 or between 1.5 to 2 Between 1.5 to 2
Diffraction:PomFluxEpsilon Not constrained Between 0.055 and 0.075
Diffraction:PomFluxAlphaPrime Not constrained 0.25

Table 4: Summary from the step 2 and step 3 as described in Section 2.2

• The MultipartonInteractions:pT0Ref parameter was very well constrained by MB observables in
step 2. It was not seen to be very sensitive to ECM, but it did show a weak upward trend with
increasing ECM. This did not change in step 3.

• BeamRemnants:reconnectRange is known to be very sensitive to the event-wise correlation of mean
charged particle pT with charged particle multiplicity, as can be seen in [3]. The tuned value in
step 2 for each ECM was around 6, the 13 TeV and 900 GeV distributions had also shown some
clustering around a lower value of 2. Also, at

p
s = 900 GeV, the tune was seen to be more poorly

constrained than at the other two ECMs. However, at step 3, to describe the mean charged particle
pT against multiplicity better at all ECMs, a much lower value of BeamRemnants:reconnectRange
parameter was needed, in the range of 1–2. Additionally, it was seen that the lower value improves
the pT distribution at

p
s = 13 TeV as well. Consequently, BeamRemnants:reconnectRange parameter

was kept between 1 and 2.

• The double Gaussian matter distribution parameters, MultipartonInteractions:coreRadius parameter
and MultipartonInteractions:coreFraction parameter were poorly constrained by MB distributions
alone in step 2. In step 3, the MultipartonInteractions:coreRadius parameter was seen to have a
strong e�ect on most of the observables. The chosen lower BeamRemnants:reconnectRange parameter
value requires a lower of MultipartonInteractions:coreRadius parameter of about 0.5 to maintain
the consistency with the other observables.

• The di�raction parameters were not constrained at all in step 3 by the MB distributions. However
in step 3, by tuning with INELXS and RAPGAP results, Diffraction:PomFluxEpsilon parameter
preferred a tuned value around 0.070 – 0.085, and Diffraction:PomFluxAlphaPrime parameter
preferred a value around 0.25. This was subsequently fixed at 0.25. However, the ETFLOW
distribution strongly pulls Diffraction:PomFluxEpsilon parameter to a much lower value, to about
0.010, while MB ones prefer intermediate values. An intermediate range of values (0.055 – 0.075)
were thus probed for the final tune. From previous experience [2] it has been seen that a good
description of the central pseudorapidity bins of the ETFLOW is necessary for a good description of
reconstructed level

P
ET and missing-ET distributions.

• Note that in this study, the MultipartonInteractions:ecmPow parameter was fixed at 0.21.

6
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•  Weight	   files	   containing	   all	   available	   measurements	   at	   all	   centre-‐of-‐mass	  
energies	  constructed	  to	  be	  used	  in	  Professor	  framework	  	  

	  
•  Final	   parameters	   chosen	   to	   get	   the	   best	   descrip<on	   of	   MB	   observables	   at	  	  	  	  	  	  	  	  	  	  	  

√s	  =	  13	  TeV	  
•  Not	  drama<c	  disagreement	  with	  MB	  distribu<ons	  at	  lower	  √s	  	  

	  
•  It	   was	   controlled	   that	   Diffrac<on:PomFluxEpsilon	   parameter	   was	   within	   an	  

appropriate	  range	  to	  get	  a	  descrip<on	  of	  the	  inelas<c	  cross	  sec<on	  
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Parameter A3 value A2 value Monash value

MultipartonInteractions:pT0Ref 2.45 1.90 2.28
MultipartonInteractions:ecmPow 0.21 0.30 0.215
MultipartonInteractions:coreRadius 0.55 - -
MultipartonInteractions:coreFraction 0.90 - -
MultipartonInteractions:a1 - 0.03 -
MultipartonInteractions:expPow - - 1.85
BeamRemnants:reconnectRange 1.8 2.28 1.8
Diffraction:PomFluxEpsilon 0.07 (0.085) - -
Diffraction:PomFluxAlphaPrime 0.25 (0.25) - -

Table 5: Parameters of the P����� 8 A3, A2 and Monash tunes. The blank entries represent the parameters not tuned
in that particular tune. The numbers in parenthesis following the di�ractive parameters represent their default values.

3.2 Final tune

In order to get a final tune, consistent across all ECMs, weight files containing all available measurements
at all ECMs were constructed to be used in P�������� framework. The relative weights on di�erent
observables were varied in order to get better description of INEL XS and MB observables at

p
s = 13 TeV,

and the central bins of ETFLOW distribution. However, only the tunes with tuned parameters satisfying
the constrains arrived at Section 3.1 were considered further. This heuristic method has a similar outcome
to using a reduced parameter space in a P�������� tune. Furthermore, MultipartonInteractions:ecmPow
was fixed at Monash value. A few di�erent tune candidates were obtained.

Observing the trend from these tunes, a number of generator runs were performed, varying
BeamRemnants:reconnectRange parameter between 1.6�2.2, Diffraction:PomFluxEpsilon parameter between
0.055�0.075 and MultipartonInteractions:coreRadius parameter between 0.55�0.65. The final tune was
decided based on which combination resulted in the best description of MB observables at

p
s = 13 TeV, but

do not give dramatic disagreement with MB distributions at lower ECMs. Finally, since a major motivation
was to describe INELXS better, that was controlled by ensuring that Diffraction:PomFluxEpsilon parameter
was within an appropriate range. Table 5 shows the parameters of the final tune, named “A3”.

3.3 Comparison of A3 with previous tunes

In Figs. 1–5, the performance of the A3 tune can be seen for charged particle, transverse energy flow
and rapidity gap distributions, compared to the previous A2 and Monash tunes. The predicted values of
fiducial inelastic cross-section at

p
s = 7 TeV and 13 TeV for the tunes compared with data are shown in

Table 6. The A2 and Monash tunes both used the default Schuler–Sjöstrand model, so they both predict
the same value, denoted by SS. The fiducial inelastic cross section predictions from A3 are about 5%
lower compared to SS, which is somewhat closer to the values from data. This does not come at a cost of
sacrificing agreement with other distributions.

Fig. 1 shows that the new tune provides a small improvement in the modelling of charged particle
pseudorapidity distributions at

p
s = 8 TeV, and to a lesser extent, at

p
s = 13 TeV, at the expense of a

larger deterioration of the modelling of
p

s = 900 GeV data. Since the aim is to model soft collisions for
pile-up at

p
s = 13 TeV, the A3 tune’s mis-modelling of

p
s = 900 GeV data is acceptable.

7
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Wrt	  other	  tunes	  based	  on	  SS	  diffrac<on	  model:	  	  
•  Be;er	  descripEon	  of	  the	  Fiducial	  InelasEc	  Cross	  secEon	  

Nov	  28	  -‐	  Dec	  2,	  2016	   V.	  Cairo	   12	  

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a

t
i
o

n
o

n
l
y

ATLAS data (mb) SS (mb) A3 (mb)

At
p

s = 13 TeV 68.1 ± 1.4 74.4 69.9
At
p

s = 7 TeV 60.3 ± 2.1 66.1 62.3

Table 6: Fiducial inelastic cross-section measured by ATLAS at
p

s = 13 TeV [5] and at
p

s = 7 TeV [4] compared
with A3 and Schuler and Sjöstrand (SS) model predictions. The SS model is used in both A2 and Monash tunes. A3
uses the DL model, with two tuned parameters Diffraction:PomFluxEpsilon= 0.07 and Diffraction:PomFluxAlphaPrime
= 0.25.

In Fig. 2 for charged particle multiplicity, A3 is comparable to other tunes except at
p

s = 900 GeV. Atp
s = 13 TeV, A2 describes the low multiplicity part better than A3 in the range of 40–60 charged particles.

The shape of the distribution predicted by the new tune is consistent across the ECMs. Compared to A2,
A3 provides a slightly worse description of the charged particle multiplicity distribution, which coincides
with an improved charged particle pT distribution that performs similarly to Monash, as shown by Fig. 3.
In all cases,

p
s = 8 TeV results are very similar to those at

p
s = 7 TeV. In Fig. 4, which shows the mean

pT against charged particle multiplicity correlation, the choice of lower colour reconnection strength led to
slight improvement over A2.

Although the
p

s = 2.36 TeV [11] and
p

s = 8 TeV charged particle distributions [16] were not used in
tuning, comparisons are made with those distributions for completeness.

In Fig. 5, the A3 performs at the same level as A2 for the important first two bins of
P

ET distribution.
The rapidity gap distributions are better described by A3 when a high pT threshold is present, and a more
ambiguous change when the lowest pT threshold is used; A3’s description of the lowest pT threshold
distribution shows an improved average, but a greater degree of structure relative to data. The rise of the
gap activity as a function of �⌘ is governed by the Pomeron intercept in di�ractive models, so tuning the
di�ractive model should improve the description of these distributions. The A3 tune does not improve the
description of the low pT region dominated by di�raction, which can be looked at in the future by using the
data only at high �⌘, as was done in the measurement [15].

One of the main determinants of the size of any < µ > rescaling that is used in the simulation of pile-up is
the tune’s ability to describe the observed reconstructed

P
ET that is deposited in the calorimeter. Although

A2 overestimates the mean pT at high multiplicity, it also underestimates the number of high multiplicity
events, and those two deficiencies tend to cancel out when considering the total energy deposited in the
calorimeter, leading to a satisfactory performance. Further studies involving a full simulation of the
detector are required in order to show whether A3 provides an equally good description as A2 when used
to model events with large pile-up.

Finally, in Table 7, the �2 values are shown for the A2, Monash and A3 tunes, divided by the number of
degrees of freedom for the distributions, which evaluates the compatibility of the measured data with the
distribution predicted by each tune. The full range of distributions are considered for �2 calculations,
although the tuning does not concentrate on the high-multiplicity or high pT tails of the distributions.
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Figure 1: The P����� 8 A3, A2 and Monash tune predictions compared with ATLAS charged particle pseudorapidity
distributions at five di�erent center-of-mass energies [3, 11, 16], 900 GeV(top left), 2.36 TeV(top right), 7 TeV(middle
left), 8 TeV(middle right), and 13 TeV(bottom). The yellow shaded areas represent the measurement uncertainty.
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•  Be;er	   descripEon	   of	   charged	   parEcles	   η	   distribuEons	   at	   the	   highest	   centre-‐of-‐
mass	  energy	  

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a

t
i
o

n
o

n
l
y

ATLAS Data

A2

Monash

A3

ATLAS Simulationp
s = 0.9 TeV

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Charged particle ⌘, track p? > 500MeV, for Nch � 1

1
/N

ev
d
N

ch
/d

⌘

-2 -1 0 1 2

0.8

0.85

0.9

0.95

1.0

1.05

1.1

1.15

⌘

M
C
/
D
a
t
a

ATLAS Data

A2

Monash

A3

ATLAS Simulationp
s = 2.36 TeV

0

0.5

1

1.5

2

Charged particle ⌘, track p? > 500MeV, for Nch � 1

1
/N

ev
d
N

ch
/d

⌘

-2 -1 0 1 2

0.8

0.85

0.9

0.95

1.0

1.05

1.1

1.15

⌘

M
C
/
D
a
t
a

ATLAS Data

A2

Monash

A3

ATLAS Simulationp
s = 7 TeV

0

0.5

1

1.5

2

2.5

Charged particle ⌘, track p? > 500MeV, for Nch � 1

1
/N

ev
d
N

ch
/d

⌘

-2 -1 0 1 2

0.8

0.85

0.9

0.95

1.0

1.05

1.1

1.15

⌘

M
C
/
D
a
t
a

ATLAS Data

A2

Monash

A3

ATLAS Simulationp
s = 8 TeV

0

0.5

1

1.5

2

2.5

Charged particle ⌘, p? > 500MeV, |⌘| < 2.5, for Nch � 1

1
/N

ev
d
N

ch
/d

⌘

-2 -1 0 1 2

0.8

0.85

0.9

0.95

1.0

1.05

1.1

1.15

⌘

M
C
/
D
a
t
a

ATLAS Data

A2

Monash

A3

ATLAS Simulationp
s = 13 TeV

0

0.5

1

1.5

2

2.5

3

Charged particle ⌘, p? > 500MeV, |⌘| < 2.5, ⌧ > 300 ps

1
/N

ev
d
N

ch
/d

⌘

-2 -1 0 1 2

0.8

0.85

0.9

0.95

1.0

1.05

1.1

1.15

⌘

M
C
/
D
a
t
a

Figure 1: The P����� 8 A3, A2 and Monash tune predictions compared with ATLAS charged particle pseudorapidity
distributions at five di�erent center-of-mass energies [3, 11, 16], 900 GeV(top left), 2.36 TeV(top right), 7 TeV(middle
left), 8 TeV(middle right), and 13 TeV(bottom). The yellow shaded areas represent the measurement uncertainty.
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Figure 1: The P����� 8 A3, A2 and Monash tune predictions compared with ATLAS charged particle pseudorapidity
distributions at five di�erent center-of-mass energies [3, 11, 16], 900 GeV(top left), 2.36 TeV(top right), 7 TeV(middle
left), 8 TeV(middle right), and 13 TeV(bottom). The yellow shaded areas represent the measurement uncertainty.
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8	  TeV	  0.9	  TeV	   13	  TeV	  
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A3	  underes<mates	  the	  data	  at	  0.9	  TeV,	  
but	  the	  focus	  of	  the	  study	  is	  the	  pile-‐up	  
simula<on	  at	  13	  TeV,	  thus	  this	  effect	  is	  
negligible	  	  

Very	  good	  descrip<on	  by	  A3!	  

N.B.	  Distribu<ons	  for	  every	  √s	  are	  in	  back-‐up	  
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•  Charged	   parEcles	   mulEplicity	   predicted	   with	   a	   similar	   level	   of	   agreement	   by	   all	  
generators	  at	  all	  √s,	  except	  at	  0.9	  TeV	  

8	  TeV	  0.9	  TeV	   13	  TeV	  

ATL-‐PHYS-‐PUB-‐2016-‐017	  

Not	  very	  good	  predic<ons	  
given	  by	  A3	  at	  the	  lowest	  √s	  

A2	  describes	  the	  
mul<plicity	  beher	  

than	  A3	  	  
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Figure 2: The P����� 8 A3, A2 and Monash tune predictions compared with ATLAS charged particle multiplicity
distributions at five di�erent center-of-mass energies [3, 11, 16], 900 GeV(top left), 2.36 TeV(top right), 7 TeV(middle
left), 8 TeV(middle right), and 13 TeV(bottom). The yellow shaded areas represent the measurement uncertainty.
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Figure 2: The P����� 8 A3, A2 and Monash tune predictions compared with ATLAS charged particle multiplicity
distributions at five di�erent center-of-mass energies [3, 11, 16], 900 GeV(top left), 2.36 TeV(top right), 7 TeV(middle
left), 8 TeV(middle right), and 13 TeV(bottom). The yellow shaded areas represent the measurement uncertainty.
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Figure 2: The P����� 8 A3, A2 and Monash tune predictions compared with ATLAS charged particle multiplicity
distributions at five di�erent center-of-mass energies [3, 11, 16], 900 GeV(top left), 2.36 TeV(top right), 7 TeV(middle
left), 8 TeV(middle right), and 13 TeV(bottom). The yellow shaded areas represent the measurement uncertainty.
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Shape	  of	  A3	  
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N.B.	  Distribu<ons	  for	  every	  √s	  are	  in	  back-‐up	  
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•  Charged	  parEcles	  pT	  predicted	  similarly	  by	  A3	  and	  Monash	  

8	  TeV	  0.9	  TeV	   13	  TeV	  

ATL-‐PHYS-‐PUB-‐2016-‐017	  

Not	  very	  good	  predic<ons	  
given	  by	  A3	  at	  the	  lowest	  √s	  

A3	  describes	  the	  pT	  
spectrum	  beher	  than	  

A2	  	  
Similar	  predic<ons	  by	  

all	  generators	  

N.B.	  Distribu<ons	  for	  every	  √s	  are	  in	  back-‐up	  
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Figure 3: The P����� 8 A3, A2 and Monash tune predictions compared with ATLAS charged particle transverse
momentum distributions at five di�erent center-of-mass energies [3, 11, 16], 900 GeV(top left), 2.36 TeV(top right),
7 TeV(middle left), 8 TeV(middle right), and 13 TeV(bottom). The yellow shaded areas represent the measurement
uncertainty.
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Figure 3: The P����� 8 A3, A2 and Monash tune predictions compared with ATLAS charged particle transverse
momentum distributions at five di�erent center-of-mass energies [3, 11, 16], 900 GeV(top left), 2.36 TeV(top right),
7 TeV(middle left), 8 TeV(middle right), and 13 TeV(bottom). The yellow shaded areas represent the measurement
uncertainty.
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Figure 3: The P����� 8 A3, A2 and Monash tune predictions compared with ATLAS charged particle transverse
momentum distributions at five di�erent center-of-mass energies [3, 11, 16], 900 GeV(top left), 2.36 TeV(top right),
7 TeV(middle left), 8 TeV(middle right), and 13 TeV(bottom). The yellow shaded areas represent the measurement
uncertainty.
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•  Charged	   parEcles	   <pT>	   vs	   mulEplicity:	   the	   choice	   of	   lower	   colour	   reconnec<on	  
strength	  (BeamRemnants:reconnectRange	  =	  1.8	  in	  A3	  and	  Monash,	  2.28	  in	  A2	  )	  led	  
to	  slight	  improvement	  over	  A2	  	  

8	  TeV	  

0.9	  TeV	  

13	  TeV	  

ATL-‐PHYS-‐PUB-‐2016-‐017	  
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Figure 4: The P����� 8 A3, A2 and Monash tune predictions compared with ATLAS charged particle mean transverse
momentum against multiplicity distributions at four di�erent center-of-mass energies [3, 11, 16], 900 GeV(top
left),7 TeV(top right), 8 TeV(bottom left), and 13 TeV(bottom right). The yellow shaded areas represent the
measurement uncertainty.
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7	  TeV	  
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•  Charged	   parEcles	   <pT>	   vs	   mulEplicity:	   the	   choice	   of	   lower	   colour	   reconnec<on	  
strength	  (BeamRemnants:reconnectRange	  =	  1.8	  in	  A3	  and	  Monash,	  2.28	  in	  A2	  )	  led	  
to	  slight	  improvement	  over	  A2	  	  

8	  TeV	  

0.9	  TeV	  

13	  TeV	  

ATL-‐PHYS-‐PUB-‐2016-‐017	  
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Figure 4: The P����� 8 A3, A2 and Monash tune predictions compared with ATLAS charged particle mean transverse
momentum against multiplicity distributions at four di�erent center-of-mass energies [3, 11, 16], 900 GeV(top
left),7 TeV(top right), 8 TeV(bottom left), and 13 TeV(bottom right). The yellow shaded areas represent the
measurement uncertainty.
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•  Transverse	  Energy	  Flow	  and	  Rapidity	  Gap	  distribuEons	  at	  7	  TeV	  

ATL-‐PHYS-‐PUB-‐2016-‐017	  
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Figure 5: The P����� 8 A3, A2 and Monash tune predictions compared with ATLAS transverse energy flow [14]
(top left) and rapidity gap [15] distributions for di�erent pT requirements at 7 TeVcenter-of-mass energy. The yellow
shaded areas represent the measurement uncertainty.
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ΣET	  	   Rapidity	  	  gap,	  	  
pT	  >	  400	  MeV	  
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pT	  >	  600	  MeV	  
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dominated	  
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•  Features	  of	  A3:	  

	  
•  Aimed	  at	  modeling	  low-‐pT	  QCD	  processes	  at	  the	  highest	  energies	  
•  Different	  diffrac<on	  model	  wrt	  other	  tunes	  (DL	  vs	  SS)	  
•  Early	  ATLAS	  Run	  2	  so=-‐QCD	  results	  at	  13	  TeV	  added	  in	  the	  tuning	  
	  

•  Performance:	  
	  

•  Predic<ons	  of	  inelas<c	  cross-‐sec<ons	  closer	  to	  the	  measured	  values	  
•  Reasonable	  predic<ons	  of	  charged	  par<cles	  distribu<ons	  
	  
	  

•  Message	  to	  take	  away:	  
	  

•  Acceptable	  descrip<on	  of	  data	  can	  be	  achieved	  by	  using	  the	  Donnachie-‐
Landshoff	  model	  for	  diffrac<on	  

•  Possible	  star<ng	  point	  for	  further	  systema<c	  studies	  of	  so=-‐QCD	  tunes	  
•  An	  improved	  and	  more	  reliable	  simula<on	  of	  pile-‐up	  overlay	  can	  be	  obtained	  	  

Now	  moving	  to	  something	  else…	  
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Figure 1: Definition of regions in the azimuthal angle with respect to the leading track. Conceptually, the presence
of a hard-scatter particle on the right-hand side of the transverse region, increasing its

P
pT, leads to that side being

identified as the “trans-max” and hence the left-hand side as the “trans-min”, with maximum sensitivity to the UE.

illustrated in Figure 1, the azimuthal angular di↵erence with respect to the leading charged particle, |��| =54

|� � �lead |, is used to define the regions:55

• |��| < 60�, the “towards region”;56

• 60� < |��| < 120�, the “transverse region”; and57

• |��| > 120�, the “away region”.58

As the scale of the hard scattering increases, the leading charged particle acts as a convenient indicator of59

the main flow of hard process energy. The towards and away regions are dominated by particle produc-60

tion from the hard process and are hence relatively insensitive to the softer UE. In contrast, the transverse61

region is more sensitive to the UE, and observables defined inside it are the primary focus of UE meas-62

urements. A further refinement is to distinguish on a per-event basis between the more and the less active63

sides of the transverse region [15, 16]: “trans-max” and “trans-min” respectively. The trans-min region64

is relatively insensitive to wide-angle emissions from the hard process, and their di↵erence (“trans-di↵”)65

hence represents the e↵ects of hard-process contamination. These further regions are used in the current66

analysis, labelled according to the sum of primary charged particle pT in the two transverse sides; only67

contributions from events with a non-zero primary charged particle multiplicity in the trans-min region68

are included in these observables.69

The quantities measured in this analysis are described in Table 1. All charged particles entering these ob-70

servables are required to have pT > 0.5 GeV and |⌘ | < 2.5, with higher pT requirements of plead
T > 1 GeV71

or 10 GeV placed on the leading charged particle. These variables are divided into two groups – first the72

3
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•  UE	  gets	  contribu<ons	  from	  ISR/FSR,	  from	  the	  QCD	  evolu<on	  of	  colour	  connecEons	  between	  
the	  hard	  scahering	  and	  the	  beam-‐proton	  remnants	  and	  from	  MPI	  
•  Significantly	  influenced	  by	  physics	  not	  currently	  calculable	  from	  first	  principles	  

•  Crucial	   measurements	   to	   provide	   input	   for	   empirical	   tuning	   of	   the	   free	   parameters	   of	  
phenomenological	  UE	  models	  in	  MC	  event	  generators	  à	  A14	  used	  as	  a	  baseline	  
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Generator Version Tune PDF Focus Data From

Pythia 8 8.185 A2 MSTW2008 LO MB LHC ATLAS
Pythia 8 8.185 A14 NNPDF2.3 LO UE LHC ATLAS
Pythia 8 8.186 Monash NNPDF2.3 LO MB/UE LHC Authors
Herwig 7 7.0.1 UE-MMHT MMHT2014 LO UE/DPS LHC Authors
Epos 3.4 LHC — MB LHC Authors

Table 2: Details of the MC models used. It should be noted that the tunes use data from di↵erent experiments for
constraining di↵erent processes, but only the data which had the most weight on each specific tune are shown. Here
“LHC” indicates data taken at

p
s = 7 TeV, although

p
s = 900 GeV data were also included in ATLAS tunes, with

much smaller weight. Some tunes are focused on describing the minimum-bias (MB) distributions better, while the
rest are tuned to describe underlying event (UE) or double-partonic scattering (DPS) distributions, as indicated.

• The ATLAS minimum-bias tune “A2” [26] was used for deriving detector corrections. This136

is based on the MSTW2008 LO PDF [27], and was tuned using ATLAS minimum-bias data137

at 7 TeV for the MPI parameters, in addition to the older Pythia 8 tune “4C” values for frag-138

mentation parameters. It provides a good description of minimum bias and of the transverse139

energy flow [28].140

The Pythia 8 predictions shown in this paper use large MC samples from versions 8.185 and 8.186,141

but checks against the newer 8.2xx release series (specifically, version 8.210) found no distinguish-142

able di↵erence.143

Herwig 7.0.1: The Herwig family of MC generators has also been heavily used in collider physics for144

many years, and Herwig 7 is the most recent major series [18, 29]. Like Pythia, it is a fully exclusive145

hadron-level generator, containing leading-logarithmic parton showers, hadronisation and decays,146

an MPI mechanism, and matching machinery for higher-order hard processes. It uses a cluster147

hadronisation scheme with parton showering ordered by emission angle.148

The soft-QCD modelling in Herwig 7 (and Herwig++ before it) uses an eikonal model similar to Py-149

thia’s, but with some distinctions. As Herwig 7 contains no elastic or soft di↵ractive processes, the150

total ND inelastic cross-section is not extracted from parametrisations but from parameter fitting to151

elastic slope data from the Tevatron [29]. The usual treatment with Poisson-distributed simulation152

of many independent perturbative QCD scatters is then used, but with a simpler MPI parametrisa-153

tion than in Pythia: only a sharp pT-regularisation cuto↵ and a proton form-factor scaling term are154

free parameters in the model. A fitted form is used for
p

s-scaling of the MPI regularisation, and a155

colour disruption mechanism is used in hadronisation, as a cluster-oriented analogy to the Pythia156

colour reconnection, to improve the quality of minimum-bias observable description.157

The Herwig 7 default tune, H7-UE-MMHT with the MMHT2014 LO PDF [30], has been used.158

This tune, like its Herwig++ predecessors, employs color reconnection and an energy-dependent159

MPI minimum-pT cuto↵. It is based on LHC and Tevatron underlying event measurements, as well160

as double-partonic scattering data [31], and provides a good description of all these observables for161 p
s from Tevatron 300 GeV to LHC 7 TeV.162

Epos 3.4: An alternative approach is taken by Epos, a specialist soft-QCD/cosmic-ray air-shower MC163

generator based on an implementation of parton-based Gribov–Regge theory [19]. This is an QCD-164

inspired e↵ective field theory describing the hard and soft scattering simultaneously. It incorpor-165
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UE	  at	  13	  TeV	  
ATLAS’	  dedicated	  	  

underlying	  event	  tune	  	  
(A14	  =	  ATLAS	  2014)	  

Largely	  described	  in	  last	  
year	  ATLAS	  MPI	  talk	  
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Figure 3: Distributions of mean charged-particle multiplicity density Nch (left), and mean
P

pT density (right) as a
function of |��| (with respect to the leading charged particle) for plead

T > 1 GeV and plead
T > 10 GeV separately, with

comparisons to MC generator models. The �⌘�� normalising term converts the raw Nch and
P

pT observables in
each (�⌘ = 5) ⇥ (�� = 2⇡/60) bin to densities per unit ⌘–� area for ease of comparison to the later per-azimuthal-
region observables. The leading charged particle, which would produce spikes at |��| = 0, has been excluded from
these plots. The error bars on data points represent statistical uncertainty and the blue band the total combined
statistical and systematic uncertainty.

Angular distributions versus leading charged particle Figure 3 shows the multiplicity and
P

pT dis-357

tributions as a function of azimuthal angle with respect to the leading particle for di↵erent plead
T require-358

ments. Two event selections are shown here: the plead
T > 1 GeV cut common to all other observables, and359

a harder plead
T > 10 GeV requirement.360

The di↵erence between these two selections illustrates the transition from relatively isotropic minimum-361

bias scattering to the emergence of hard partonic scattering structure and hence a dominant axis of energy362

flow. This event structure with least activity perpendicular to the leading object axis, i.e. away from �� =0363

and 180�, is seen for both selections and both observables but is much stronger for the event subset364

with the higher plead
T > 10 GeV cut: this demonstrates the evolution of event shape as a hard scattering365

component develops.366

There is no clear “best” MC model for these observables. In the more inclusive plead
T > 1 GeV selection367

Epos performs best, followed by Pythia 8 A14; Herwig 7 significantly undershoots while Pythia 8 Mon-368

ash is everywhere above the data. But in the hard-scattering plead
T > 10 GeV event selection, Herwig 7369

and Monash perform best, with a slight undershoot from A14 and a large one from Epos. These orderings370

apply both to the Nch and
P

pT variables, although to di↵erent extents.371

Nch and
P
pT densities in transverse/towards/away regions Figure 4 shows the evolution of the Nch372

and
P

pT densities with the pT of the leading charged particle, from 1 GeV to 30 GeV. For both observ-373

ables, the towards, transverse, and away regions are shown overlaid for ease of comparison.374
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	  transi<on	  from	  rela<vely	  
isotropic	  minimum-‐bias	  

scahering	  to	  the	  emergence	  
of	  hard	  partonic	  scahering	  
structure	  and	  a	  dominant	  

axis	  of	  energy	  flow	  

pT	  
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Parameter Pythia8 settings Definition Sampling range
pISR

T0,Ref [GeV] SpaceShower:pT0Ref ISR pT cuto� 0.75 – 2.5
↵ISR
S SpaceShower:alphaSvalue ISR ↵S 0.115 – 0.140

pFSR
T,min [GeV] TimeShower:pTmin FSR pT cuto� 0.5 – 2.0
↵FSR
S TimeShower:alphaSvalue FSR ↵S 0.115 – 0.15

pMPI
T0,Ref [GeV] MultipartonInteractions:pT0Ref MPI pT cuto� 1.5 – 3.0
↵MPI
S MultipartonInteractions:alphaSvalue MPI ↵S 0.115 – 0.140

P. kT,hard [GeV] BeamRemnants:primordialKThard Hard interaction primordial k? 1.5 – 2.0

Table 3: Tuning parameters, their definition and tuning range.

regulates the a narrow Gaussian intrinsic transverse momentum for the hard process incoming partons.
The tuned parameters are listed in Table 3, with a very brief definition, along with their sampling range
used for the current tune. The rest of the parameters were left unchanged from the A14 tune, which was
based on the Monash tune [32].

Five hundred parameter points were randomly sampled from the hypercube of these parameter ranges. Each
bin of each observable was parameterised as a 7-dimensional third order polynomial, based on the 500
sampled tune points in the parameter hypercube. These parameterisations were then used to calculate a �2

with respect to the reference data, which was numerically minimised in the parameter space to find the best
tune point. The correlation of the experimental uncertainties are not included in the�2. Weight factors were
used in the �2 and degree of freedom, Ndf, calculation to place increased emphasis on certain observables;
these weights are also listed in Table 1. Larger weights are used for Z-boson and tt observables. The
Drell-Yan process qq̄ ! Z/�⇤ ! l+l� does not contain any coloured parton in the final state that can
produce QCD FSR and therefore provides a clean environment to study ISR. Since good modelling of tt
events is one of the aims of this tune but fewer measurements are available, these are weighted to increase
their relevance. The two di�erent weight columns are for a dedicated tt tune and for a general tune, as
explained in the next section.

The strategy was to tune only to observables which may be modelled by this NLO+PS matched setup, for
example many additional jets in final state is better modeled by multileg generators, so no attempt is made
to describe such observables. The Z-boson pT and �⇤ are mostly sensitive to ISR; while for Z underlying
event observables, namely Nch and

P
pT as a function of the Z pT, MPI plays an important role. Due to

modelling limitations, the Z pT spectrum is tuned up to 50 GeV and �⇤ is tuned up to 0.5. The underlying
event distributions are only expected to be described at low pZ

T as well. This is because without multileg
ME, additional jets produced with association with a Z-boson cannot be modelled.

These region exclusions and the tuning weights (and final sampling ranges) were chosen by using observable
sensitivities to find data tensions, and by iteration. Weights were assigned following the principles that
important features measured in a small number of distributions would receive an increased weight to
balance them against features for which many histograms were available.

3 Results

In this section, the results of the tuning are presented and compared to other ATLAS tunes. The aim
of this study is to test the universality of the P����� 8 tunes in presence of NLO+PS matching with
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•  Already	   described	   in	   last	   year	   ATLAS	   MC	   Tuning	   talk	   during	   this	   same	   conference,	   but	  
men<oned	  again	  here	  for	  completeness	  

•  Tune	  based	  on	  ATLAS	  Run	  1	  data	  at	  7	  TeV	  for	  three	  different	  inclusive	  processes:	  
•  Jets,	  Z-‐boson,	  ;bar	  producEon	  

•  2	  tunes	  
•  A15-‐MG5aMCNLO-‐TTBAR	  à	  applicable	  only	  for	  hbar	  processes	  
•  A15-‐MG5aMCNLO	  à	  applicable	  in	  general	  for	  all	  processes	  

•  2	  PDFs	  used	  
•  CT10	  used	  for	  MG5_aMC@	  NLO	  (NLO	  PDF)	  	  
•  NNPDF23LO	  for	  Pythia	  8.186	  (LO	  PDF)	  

•  7	  parameters	  (3	  categories:	  α	  strong	  at	  the	  Z-‐boson	  mass	  and	  infrared	  cutoffs	  for	  ISR,	  FSR	  
and	  MPI,	  and	  the	  primordial	  transverse	  momentum)	  tuned	  

•  Other	  parameters	  le=	  unchanged	  from	  A14,	  which	  was	  based	  on	  Monash	  



In Figs. 2–4, the performance of the new tunes can be seen for tt, Z and jet observables, compared with the
currently used ATLAS tunes for those processes. All distributions shown were used in the tune except the
b-jet shape in tt events and two jet observables, as specified in the captions. Additional comparisons can
be found in the Auxiliary material.
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Figure 1: Tuned parameters values shown for the Monash, previous ATLAS tunes and the new A15-MG5aMCNLO
and A15-MG5aMCNLO-TTBAR tunes.The closed markers denote tuned parameters, while the open markers denote
parameters which were not tuned in that particular tune.

While a significant overall improvement is not seen, compared to currently used tunes, many interesting
features can be observed.

• As shown in Fig. 2, dedicated tt tunes describe better the gap fraction observables which are very
sensitive to ISR. Similar e�ects are observed in the jet multiplicity in tt lepton+jets events, in
particular for events with five jets with pT above 25 GeV. The various tunes describe the measured
tt pT spectrum and jet shapes similarly and reasonably well. The most significant di�erences are
visible in the first and last bin of the leading jet pT spectra. In general, predicted b-jet shapes in tt
events are broader than measured in data, as already observed in Ref. [7].
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M��G����5_�MC@NLO. The obtained tune, using all three hard processes: inclusive jets, Z-boson
and tt production, is named A15-MG5aMCNLO. In addition, since this matched setup is used extensively
in ATLAS to simulate tt events, a dedicated tune optimised for the description of tt observables, named
A15-MG5aMCNLO-TTBAR tune, was also developed. The right two columns in Table 1 show the weights
used for these two tunes.

Table 4 lists the tune parameters for these two new tunes, along with some previous ATLAS tunes: A14,
ATTBAR [7] and AZ [6]. The values in parenthesis indicate that the parameters were not tuned and the
quoted values correspond to those from the tune that was taken as a basis. Fig. 1 shows a comparison
of the obtained tuned parameters of these ATLAS tunes in a graphical format. The comparisons in
each case are performed using the mentioned Pythia8 tune applied to the same LHE files generated with
M��G����5_�MC@NLO.

The A14 tune (in particular A14-NNPDF tune) was used a basis. This tune was developed in 2014 using
ATLAS

p
s = 7 TeV measurements of tt, Z-boson and inclusive jet production. The parton shower and

MPI parameters of P����� 8 were tuned aiming to describe a wide variety of event topologies. For that,
the Monash tune was taken as a basis, but fewer parameters were tuned. Additionally, observables from
the Z-boson underlying event as well as tt jet multiplicity and jet pT distributions are included of which
measurements were not available at that time.

The AZ P����� 8 standalone tune is a dedicated tune for describing the softer part of the pZ
T spectrum

which is necessary for precision electroweak measurements. This tune was developed before A14 and was
restricted to the low Z-boson pT range where parton shower e�ects dominate, by tuning ISR parameters,
and adjusting MPI cuto�.

The ATTBAR is a P����� 8 standalone tune with optimised ISR and FSR parameters derived using tt
measurements at

p
s = 7 TeV. The aim of this was to provide accurate modelling of parton showering

e�ects in tt events which is crucial for a precise measurement of the mass of the top quark. The MPI
pT cuto� was adjusted to match the Z-boson underlying event data measured by ATLAS at 7 TeV. This
tune was also applied to the NLO+PS generators P����� +P����� 8 and M��G����5_�MC@NLO
+P����� 8. For the latter, two configurations were used: the global recoil and the local recoil. Although
the global recoil configuration is theoretically more consistent, the best agreement with data was achieved
with the tuning using the local recoil. Thus, the comparisons with this tune are performed using the
ATTBAR-MG5aMCNLO tune with the local recoil setting in P����� 8.

Parameter A14 ATTBAR AZ A15-MG5aMCNLO A15-MG5aMCNLO-TTBAR
↵FSR
S 0.127 0.137 (0.1383) 0.1385 0.122

pFSR
T,min [GeV] (0.5) 1.26 (0.4) 1.18 1.0
↵ISR
S 0.127 0.121 0.1237 0.1267 0.119

pISR
T0,Ref [GeV] 1.56 (2.0) 0.59 0.87 0.7
↵MPI
S 0.126 (0.130) (0.135) 0.124 0.115

pMPI
T0,Ref [GeV] 2.09 (2.16) (2.18) 2.06 1.7

P. kT,hard [GeV] 1.88 (1.8) 1.71 1.74 (1.88)
R. range 1.71 (1.8) (1.5) (1.71) (1.71)

Table 4: Comparison of the obtained tuned parameters with other tunes. The values in parenthesis indicate that the
parameters were not tuned and the quoted values correspond to those from the tune that was taken as basis. For
ATTBAR, the numbers correspond to ATTBAR-MG5aMCNLO tune obtained for the matched setup NLO+PS.
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Global	  tune	  of	  PS+MPI	  
using	  Z,	  hbar	  and	  jets	  

events	  

ATTBAR-‐MG5aMC@NLO+Pythia8	  tune	  	  
(Local	  Recoil),	  in	  ATTBAR	  op<mised	  ISR	  and	  
FSR	  using	  hbar	  at	  7	  TeV,	  adjusted	  MPI	  pT	  cut	  
off	  using	  Z-‐boson	  underlying	  event	  at	  7	  TeV	  

Pythia	  8	  standalone	  tune	  of	  ISR	  and	  
MPI	  at	  low	  pTZ	  (PS	  effects	  
dominate)	  à	  necessary	  for	  

precision	  electroweak	  
measurements	  	  

αS
FSR	  smaller	  in	  A14,	  restored	  to	  the	  LEP	  value	  in	  A15	  
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Figure 2: The new A15-MG5aMCNLO, A15-MG5aMCNLO-TTBAR, A14 and ATTBAR tune predictions compared
with ATLAS gap fraction [12], jet multiplicity and spectra [14], and jet shapes [13] measurements for tt events. In all
cases, same M��G����5_�MC@NLO LHE inputs are showered. All distributions shown except the b-jet shape
were used in the tune. The yellow shaded areas represent the data uncertainty.
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Figure 3: Comparisons of di�erent tune predictions with ATLAS data for Z-boson �⇤ (only region with �⇤< 0.5 is
used in the tune) [16] and pZ

T (only region with pT < 50 GeV is tuned) [18] spectrum as well as sum pT density as a
function of pZ

T [17] (only low pT region is tuned). In all cases, same M��G����5_�MC@NLO LHE inputs are
showered. All distributions shown were used in the tune in the specified ranges. The yellow shaded areas represent
the data uncertainty.
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Figure 4: The A15-MG5aMCNLO, A15-MG5aMCNLO-TTBAR and A14 tune predictions compared with ATLAS
measurements of transverse energy flow [26], 3-to-2 jet ratio [22], jet shapes [19], jet substructure [24] and dijet
production with a veto on additional central jet activity [22]. Only distributions in the the top right, mid left, bottom
left and bottom right were used in the tune. In all cases, same M��G����5_�MC@NLO LHE inputs are showered.
The yellow shaded areas represent the data uncertainty.
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Figure 4: The A15-MG5aMCNLO, A15-MG5aMCNLO-TTBAR and A14 tune predictions compared with ATLAS
measurements of transverse energy flow [26], 3-to-2 jet ratio [22], jet shapes [19], jet substructure [24] and dijet
production with a veto on additional central jet activity [22]. Only distributions in the the top right, mid left, bottom
left and bottom right were used in the tune. In all cases, same M��G����5_�MC@NLO LHE inputs are showered.
The yellow shaded areas represent the data uncertainty.
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Njet	  vs	  |∆y|	  for	  150	  <	  PT	  <	  180,	  Fwd/Bwd	  

No	  maior	  
differences	  
are	  seen	  

between	  the	  
tunes	  
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•  Features	  of	  MADGRAPH5_AMC@NLO+Pythia8	  
	  

•  Parton	  Shower	  &	  MPI	  tune	  with	  NLO	  ME	  ahachment	  
•  ATLAS	  results	  at	  7	  TeV	  on	  Z-‐bosons,	  jets	  and	  hbar	  used	  
•  2	  tunes:	  A15-‐MG5aMCNLO-‐TTBAR	  and	  A15-‐MG5aMCNLO	  
	  

•  Performance:	  
	  

•  Marginal	  improvement	  in	  modelling	  with	  respect	  to	  previous	  tunes	  

	  
	  

•  Message	  to	  take	  away:	  
	  

•  Overall	  the	  gains	  are	  small	  enough,	  so	  ATLAS	  con<nues	  to	  use	  A14	  for	  this	  
matched	  setup	  	  
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•  Many	  Monte	  Carlo	  generator	  setups	  recently	  studied	  for	  the	  top	  quark	  pair	  
produc<on	  
•  Not	  related	  to	  MPI,	  but	  interes<ng	  how	  different	  PS	  generators	  lead	  to	  

different	  predic<ons	  

ATL-‐PHYS-‐PUB-‐2016-‐016	  

1 Introduction

Run 2 at the LHC will allow a new level of precision in measurements of the production and decay
properties of the top quark. In addition, top quark pair (tt̄) production is one of the major backgrounds for
Standard Model (SM) and Higgs measurements and for searches for physics beyond SM. These analyses
would all benefit from a better understanding of tt̄ modeling.

ATLAS has in the past studied a number of Monte Carlo (MC) generator setups, comparing their predictions
to measurements performed at a center of mass energy of 7 TeV (where a number of fully corrected
distributions are available) and studying how the predictions for distibutions at 13 TeV di�er among
generators and generator configurations [1]. This note presents recent studies of generator setups for top
quark pair production performed by the ATLAS collaboration and serves as an addendum to that earlier
work. A summary of the matrix element (ME), parton shower (PS) and underlying event (UE) settings
for each of the generator samples studied here is presented in Table 1. Additional information on the
configurations used to produce these samples is provided in the sections below.

Sample Name ME Gen. PS/UE Gen. ME PS Tune Matching
PS/UE PDF (Merging)

P�����+P�����6 P�����-B�� P����� CT10 & P2012 Powheg
r2330.3 6.427 CTEQ6L1 Matching

(hdamp = mtop)
P�����+H�����++ P�����-B�� H�����++ CT10 & UE-EE-5 Powheg

r2330.3 2.7.1 CTEQ6L1 Matching
P�����+H�����7 P�����-B�� H�����7 CT10 & H7-UE-MMHT Powheg

r2330.3 7.0.1 MMHT2014lo68cl Matching
MG5_aMC+H�����++ MG5_aMC@NLO H�����++ CT10 UE-EE-5 MC@NLO

2.2.1 2.7.1 CTEQ6L1
MG5_aMC+H�����7 MG5_aMC@NLO H�����7 NNPDF3.0 H7-UE-MMHT MC@NLO

2.2.1 7.0.1 MMHT2014lo68cl
MG5_aMC+P�����8 MG5_aMC@NLO P����� NNPDF3.0 A14 MC@NLO

2.2.1 8.183 NNPDF2.3LO
MG5_aMC+P�����8 LO MG5_aMC@NLO P����� NNPDF3.0 A14 CKKW-L

LO 2.2.1 8.210 NNPDF2.3LO Merging
MG5_aMC+P�����8 FxFx MG5_aMC@NLO P����� NNPDF3.0 A14 MC@NLO (FxFx)

2.3.3 8.210 NNPDF2.3LO (µ
Q

= 70 GeV)

S����� S����� S����� NNPDF3.0 Default MC@NLO
2.2 (MEPS@NLO)

(Q=30 GeV)

Table 1: ME and PS/UE generator settings for each of the MC samples used for the studies presented in this note.
The generator versions, the PDFs used for the ME and in the PS and the matching scheme are shown alongside the
tune.

2

Not	  for	  going	  
into	  the	  

details,	  but	  
just	  to	  show	  
that	  many	  

combina<ons	  
have	  been	  
tested…	  
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•  Limited	  number	  of	  unfolded	  distribu<ons	  currently	  available	  at	  √s	  =	  13	  TeV	  	  
•  7	  TeV	  data/MC	  comparisons	  s<ll	  provide	  important	  checks	  of	  the	  generators’	  performance.	  	  
•  Par<cle-‐level	  comparisons	  to	  unfolded	  data	  performed	  using	  Rivet	  v2.4.0	  	  

ATL-‐PHYS-‐PUB-‐2016-‐016	  
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Figure 5: The tt̄ M��G����5_�MC@NLO + P�����8 FxFx sample A14, µ
Q

= 70 GeV is compared to the default
P�����+P�����6 for the tt̄ production cross section as a function of the jet multiplicity for two jet pT thresholds [9].
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Figure 6: The tt̄ M��G����5_�MC@NLO + P�����8 FxFx sample A14, µ
Q

= 70 GeV is compared to the
default P�����+P�����6 for the tt̄ production cross section measurement as a function of the leading jet and the
sub-leading ones in the event [9].

7

the Monash sample presenting deviations at high jet multiplicity as expected because of the lower value of
↵
S

adopted in this shower tune. Fig. 2 shows the tt̄ production cross section as a function of the transverse
momentum of the leading and subleading jets. Good agreement between the ATLAS 7 TeV data and all
MC predictions is observed.

Top quark kinematics can be reconstructed from truth level leptons, jets and neutrinos, using model-
independent pseudo-top quark definitions to reconstruct the hadronic and leptonic top quarks as done
in [10]. The di�erential cross-section distributions as a function of kinematic variables such as top
quark transverse momentum, top quark rapidity, tt̄ pair transverse momentum, tt̄ pair rapidity and tt̄ pair
invariant mass are shown in Fig. 3. The results are evaluated separately for electron, muon and combined
channels. FxFx predictions using A14 shower tune are found in good agreement with data independently
on the choice of merging scale, whilst small deviations are observed for the Monash sample. Jet shape
observables, sensitive to the parton shower MC settings, are checked specifically to compare the two
shower tunes. Fig. 4 shows the measurement of di�erential jet shapes in top pair events for light- and b-
jets, defined as jets that originate from the fragmentation of b-quarks, in two representative low transverse
momentum ranges. Data agree reasonably well with A14 predictions within the uncertainties, and this
shower tune is considered in the following.
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Figure 1: The various tt̄ M��G����5_�MC@NLO + P�����8 FxFx samples are compared to the tt̄ production
cross section as a function of the jet multiplicity [9] for two jet pT thresholds.

The tt̄ M��G����5_aMC@NLO+P�����8 FxFx samples with µ
Q

= 50 and 70 GeV present an overall
good agreement with 7 TeV data. The merging scale µ

Q

= 70 GeV is finally chosen. The predictions are
compared to those generated using Powheg [20–22], the P�����+P�����6 sample which is the current
default used in ATLAS analyses as detailed in [1]. Samples generated with P�����+H�����++ are
also reported. Fig. 5 and 6 show the tt̄ production cross section as a function of the jet multiplicity and
jet pT, respectively. The pseudo tt̄ cross section di�erential distributions can be found in Fig. 7. The
M��G����5_aMC@NLO+P�����8 FxFx predictions describe the ATLAS 7 TeV data as reasonably3

3 On the fifth jet in jet multiplicity a small discrepancy is noticeable. In [23] this is attributed to the choice of global recoil
setting which does not properly model the first extra radiation.
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All	  predic<ons	  within	  the	  
uncertain<es,	  with	  Monash	  ge�ng	  

worse	  at	  high	  mul<plici<es	  
because	  of	  the	  lower	  value	  of	  αs	  

used	  in	  this	  tune	  

A14	  with	  merging	  
scale	  μQ=	  70	  GeV	  

works	  very	  well	  and	  
it	  was	  chosen	  

hbar	  cross	  sec<on	  vs	  jet	  mult.	  for	  jets	  above	  25	  GeV	   hbar	  cross	  sec<on	  vs	  jet	  mult.	  for	  jets	  above	  25	  GeV	  

A14	  predic<ons	  are	  
similar	  to	  the	  ones	  

from	  Powheg
+Pythia6	  (used	  as	  a	  
default	  in	  ATLAS)	  
à	  μQ=	  70	  GeV	  
merging	  scale	  

adopted	  for	  13	  TeV	  
samples	  to	  be	  used	  
in	  Run	  2	  analyses	  
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Figure 12: Pseudo top-antitop cross section as a function of: (a) top transverse momentum, (b) top rapidity, (c) pT of
the tt̄ pair, (d) rapidity of the tt̄ pair, (e) invariant mass of the top-antitop pair. The ratio in the lower pannels is taken
with respect to FxFx predictions.

15

hbar	  cross	  sec<on	  vs	  hadronic	  pseudo-‐top	  quark	  pT	  

Although	  samples	  have	  
been	  corrected	  to	  a	  
common	  value	  for	  the	  

total	  cross	  sec<on,	  shape-‐
dependent	  differences	  
(up	  to	  ~20%)	  are	  seen	  
among	  generators	  
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ATLAS:	  good	  detector	  to	  study	  sol	  QCD!	  
	  
•  Recently	   developed	   Pythia	   8	   -‐	   A3	   tune	   (including	   13	   TeV	   data)	   for	   pile-‐up	  

modelling	  
•  Fairly	  good	  predic<ons	  of	  charged	  par<cle	  mul<plicity	  
•  Improvements	  in	  the	  fiducial	  inelas<c	  cross-‐sec<on	  predic<ons	  
•  Promising	  for	  pile-‐up	  descrip<on	  

•  No	  tune	  available	  yet	  for	  UE	  including	  13	  TeV	  measurements	  (analysis	  results	  
about	  to	  be	  published)	  
	  

•  MADGRAPH5_AMC@NLO	  +	  Pythia	  8	  
•  2	  tunes	  (using	  7	  TeV	  data)	  

•  A	  general	  one	  (A15-‐MG5aMCNLO)	  
•  A	  hbar	  specific	  one	  (A15-‐MG5aMCNLO-‐TTBAR)	  

•  Many	  studies	  recently	  done	  for	  PS	  tuning	  to	  study	  top	  pair	  producEons	  
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•  Inclusive	   charged-‐par<cle	   measurements	   in	   pp	   collisions	   provide	   insight	   into	   the	  
strong	  interac<on	  in	  the	  low	  energy,	  non-‐perturba<ve	  QCD	  region	  

•  Inelas<c	  pp	  collisions	  have	  different	  composi<ons	  

	  
	  
•  Main	  source	  of	  background	  when	  more	  than	  one	  interac<on	  per	  bunch	  crossing	  

•  Perturba<ve	  QCD	  can	  not	  be	  used	  for	  low	  transfer	  momentum	  interac<ons	  
•  ND	  described	  by	  QCD-‐inspired	  phenomenological	  models	  (tunable)	  
•  SD	  and	  DD	  hardly	  described	  and	  few	  measurements	  available	  

	  
Goal:	  	  

	  Measure	  spectra	  of	  primary	  charged	  parEcles	  corrected	  to	  hadron	  level	  
Inclusive	   measurement	   –	   do	   not	   apply	   model	   dependent	   correc<ons	   -‐>	   allow	  
theore<cians	  to	  tune	  their	  models	  to	  data	  measured	  in	  well	  defined	  kinema<c	  ranges	  	  
	   Nov	  28	  -‐	  Dec	  2,	  2016	   V.	  Cairo	   30	  



SimulaEon:	  
•  ︎Pythia8	  	  

•  A2	  →	  ATLAS	  Minimum	  Bias	  tune,	  based	  on	  MSTW2008LO	  	  
•  Monash	  →	  alterna<ve	  tune,	  based	  on	  NNPDF2.3LO	  	  

•  ︎EPOS	  3.1	  →	  effec<ve	  QCD-‐inspired	  field	  theory,	  tuned	  on	  cosmic	  rays	  data	  
•  QGSJET-‐II	  →	  based	  on	  Reggeon	  Field	  Theory,	  no	  color	  reconnec<on	  	  
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Using	  the	  two	  13	  TeV	  runs	  with	  
low	  mean	  number	  of	  interac<ons	  
per	  bunch	  crossing	  (<μ>	  ~	  0.005)	  

151	  μb-‐1	  
8,870,790	  events	  selected,	  with	  
106,353,390	  selected	  tracks	  	  

(500	  MeV)	  

In	  the	  100	  MeV	  case:	  nearly	  double	  tracks,	  but	  more	  difficult	  measurement	  due	  to	  
increased	  impact	  from	  mul<ple	  scahering	  at	  low	  pt	  and	  imprecise	  knowledge	  of	  the	  

material	  in	  the	  ID	  

Data:	  



•  SCT-‐Extension	  Efficiency:	  rate	  of	  pixel	  stand-‐alone	  tracks	  successfully	  extended	  	  to	  	  
include	  	  SCT	  	  clusters	  	  and	  	  to	  	  build	  	  a	  full	  silicon	  track	  

•  In	  the	  500	  MeV	  phase	  space,	  the	  track	  reconstruc<on	  efficiency	  in	  the	  region	  	  	  	  	  	  	  	  
1.5	  <	  |η|	  <	  2.5	  is	  corrected	  using	  the	  results	  from	  the	  SCT-‐Extension	  Efficiency	  
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•  Shape	  of	  the	  Data	  to	  Simula<on	  ra<o	  of	  the	  SCT-‐Extension	  Efficiency	  reflected	  into	  the	  shape	  of	  
the	  correc<on	  applied	  to	  the	  Tracking	  Efficiency	  

•  Big	  reducEon	  of	  the	  systemaEc	  uncertainEes	  
•  Only	  applied	  in	  the	  Nominal	  phase	  space	  due	  to	  issues	  extrapola<ng	  to	  low	  pT	  
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Tracking	  Efficiency	  CorrecEon	  SCT-‐Extension	  Efficiency	  



Common	  treatment	  of	  the	  Strange	  Baryons	  in	  
all	  the	  8	  and	  13	  TeV	  analysis	  

	  
•  Par<cles	  with	  life<me	  30	  ps	  <	  τ	  <	  300	  ps	  
(strange	  baryons)	  are	  no	  longer	  considered	  
primary	  parEcles	  in	  the	  analysis,	  decay	  

products	  are	  treated	  like	  secondary	  par<cles	  	  
	  

•  Low	  reconstrucEon	  efficiency	  (<0.1%)	  and	  
large	  variaEons	  in	  predicted	  rates	  lead	  to	  a	  

model	  dependence	  (very	  different	  
predic<ons	  in	  Pythia8	  and	  EPOS)	  

	  
•  Final	  results	  produced	  with	  and	  without	  the	  

strange	  baryons	  to	  allow	  comparison	  with	  
previous	  measurements	  
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•  Rate	  measured	  in	  data	  by	  performing	  a	  fit	  to	  the	  transverse	  impact	  parameter	  distribu<on	  
•  More	  detailed	  evaluaEon	  of	  secondaries	  in	  the	  100	  MeV	  phase-‐space	  with	  respect	  to	  the	  

500	  MeV	  	  
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Figure 1: Comparison between data and pythia 8 a2 simulation for (a) the average number of silicon hits per track,
before the requirement on the number of SCT hits is applied, as a function of pseudorapidity, η; (b) the number of
innermost-pixel-layer hits on a track before the requirement on the number of innermost-pixel-layer hits is applied;
(c) the transverse impact parameter distribution of the tracks, prior to any requirement on the transverse impact
parameter, calculated with respect to the average beam position, dBL0 ; and (d) the difference between the longitudinal
position of the track along the beam line at the point where dBL0 is measured and the longitudinal position of the
primary vertex projected to the plane transverse to the track direction, zBL0 · sin θ, prior to any requirement on
zBL0 · sin θ. The uncertainties are the statistical uncertainties of the data. In (c) and (d) the separate contributions
from tracks coming from primary and secondary particles are also shown and the fraction of secondary particles in
the simulation is scaled by 1.38 to match that seen in the data, with the final simulation distributions normalised to
the number of tracks in the data. The inserts in the panels for (c) and (d) show the distributions on a linear scale.

6

Create	  templates	  from:	  
•  ︎	   pT	   <	   500	   MeV,	   split	  

templates:	   primary,	  
non-‐electrons,	  electrons	  
and	  fakes	  

•  ︎	   p T	   ≥ 	   5 0 0 	   M e V ,	  
combined	   template:	  
primary	  and	  secondary	  

•  Split	  templates	  only	  for	  pT	  <	  500	  MeV:	  
•  Different	  shape	  of	  the	  transverse	  impact	  parameter	  distribu<on	  for	  electron	  and	  

non-‐electron	  secondary	  par<cles	  à	  d0BL	  reflects	  the	  radial	  loca<on	  at	  which	  the	  
secondaries	  were	  produced	  

•  Different	  processes	  for	  conversion	  and	  hadronic	  interac<on	  leading	  to	  differences	  
in	  the	  radial	  distribu<ons	  à	  electrons	  mostly	  produced	  from	  conversions	  in	  the	  
beam	  pipe	  

•  Frac<on	  of	  electrons	  increases	  as	  pT	  decreases	  Nov	  28	  -‐	  Dec	  2,	  2016	  



•  Nominal	  Phase	  Space	  (pT	  >	  500	  MeV,	  |η|<	  2.5)	  
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dNch/dη	   d2Nev/dηdpT	  

Some	  Models/Tunes	  give	  remarkably	  good	  predicEons	  (EPOS,	  Pythia8)	  

dNev/dnch	   <pT>	  VS	  nch	  

Models	  differ	  mainly	  
in	  normalisa<on,	  
shape	  similar	  

Measurement	  spans	  
10	  orders	  of	  
magnitude	  	  

Low	  nch	  not	  well	  modelled	  by	  any	  MC;	  large	  
contribu<on	  from	  diffrac<on;	  

Models	  without	  colour	  reconnec<on	  (QGSJET)	  fail	  
to	  model	  scaling	  with	  nch	  very	  well	  
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•  Extended	  Phase	  Space	  (pT	  >	  100	  MeV,	  |η|<	  2.5	  )	  
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dNch/dη	   d2Nev/dηdpT	   dNev/dnch	   <pT>	  VS	  nch	  

EPOS	  gives	  the	  best	  predicEon!	  
Much	  clearer	  in	  this	  low	  pT	  regime	  than	  in	  the	  nominal	  phase	  space!	  	  

•  Up	  to	  7%	  of	  systema<cs	  
in	  the	  high	  eta	  region	  

•  Good	  predic<on	  by	  all	  
the	  generator,	  except	  
Pythia	  8	  A2	  which	  lies	  

below	  the	  data	  

Difficult	  predic<ons	  
in	  the	  low	  pT	  region	  

Good	  data/MC	  agreement	  given	  by	  EPOS	  (within	  
2%),	  worse	  predic<ons	  given	  by	  the	  other	  

generators	  

Nov	  28	  -‐	  Dec	  2,	  2016	  
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Figure 4: Primary charged-particle multiplicities as a function of (a) pseudorapidity ⌘ and (b) transverse momentum
pT, (c) the charged-primary multiplicity nch and (d) the mean transverse momentum hpTi versus nch for events with
at least two charged-primary particles with pT > 100 MeV and |⌘ | < 2.5, each with a lifetime ⌧ > 300 ps. The
black dots represent the data and the coloured curves the di�erent MC model predictions. The vertical bars indicate
the statistical uncertainties, while the purpled shaded area shows statistical and systematic uncertainties added in
quadrature. The lower panels show the ratio of the MC predictions to the data.
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•  Nominal	  Phase	  Space	  (pT	  >	  500	  MeV,	  |η|<	  2.5	  )	  
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dNch/dη	   d2Nev/dηdpT	   dNev/dnch	   <pT>	  VS	  nch	  

EPOS	  gives	  the	  best	  predicEon!	  

•  EPOS	  gives	  good	  predic<on	  
in	  the	  central	  region	  and	  
overes<mates	  data	  in	  the	  

forward	  region	  
•  Pythia	  8	  A2	  lies	  below	  the	  

data,	  while	  Pythia	  8	  Monash	  
and	  QGSJet	  overes<mate	  

data	  

Above	  1	  GeV,	  good	  
predic<ons	  given	  by	  
Pythia	  8	  Monash	  

None	  of	  the	  models	  is	  consistent	  with	  the	  data	  
although	  the	  Epos	  LHC	  model	  provides	  a	  fair	  

descrip<on	  

Nov	  28	  -‐	  Dec	  2,	  2016	  
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Figure 5: Distributions of primary charged particles in events for which nch ≥ 1, pT > 500 MeV and |η| < 2.5 as
a function of (a) pseudorapidity, η, (b) transverse momentum, pT, (c) multiplicity, nch, and (d) average transverse
momentum, ⟨pT⟩, versus multiplicity. The data, represented by dots, are compared to various particle-level MC
predictions, which are shown by curves. The shaded areas around the data points represent the total statistical and
systematic uncertainties added in quadrature.
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Figure 5: Distributions of primary charged particles in events for which nch ≥ 1, pT > 500 MeV and |η| < 2.5 as
a function of (a) pseudorapidity, η, (b) transverse momentum, pT, (c) multiplicity, nch, and (d) average transverse
momentum, ⟨pT⟩, versus multiplicity. The data, represented by dots, are compared to various particle-level MC
predictions, which are shown by curves. The shaded areas around the data points represent the total statistical and
systematic uncertainties added in quadrature.
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Figure 5: Distributions of primary charged particles in events for which nch ≥ 1, pT > 500 MeV and |η| < 2.5 as
a function of (a) pseudorapidity, η, (b) transverse momentum, pT, (c) multiplicity, nch, and (d) average transverse
momentum, ⟨pT⟩, versus multiplicity. The data, represented by dots, are compared to various particle-level MC
predictions, which are shown by curves. The shaded areas around the data points represent the total statistical and
systematic uncertainties added in quadrature.
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•  Extended	  Phase	  Space	  (pT	  >100	  MeV,	  |η|<	  2.5	  )	  
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•  Strong	  dependence	  on	  the	  ID	  material	  in	  the	  forward	  region!	  

•  Form	  7	  to	  8	  TeV,	  up	  to	  50%	  improvement	  in	  the	  central	  region	  and	  
65%	  improvement	  in	  the	  high	  eta	  region	  thanks	  to	  the	  good	  

knowledge	  of	  the	  material	  in	  the	  ID	  achieved	  at	  the	  end	  of	  Run	  1	  

Nov	  28	  -‐	  Dec	  2,	  2016	  
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•  Compared	  with	  earlier	  studies,	  the	  8	  TeV	  analysis	  also	  presents	  ATLAS	  
measurements	  of	  final	  states	  at	  high	  mul<plici<es	  of	  nch≥20	  and	  nch≥50	  

Phase Space 1/Nev · dNch/d⌘ at ⌘ = 0

nch � pT[MeV] > ⌧ > 300 ps (fiducial) ⌧ > 30 ps (extrapolated)

2 100 5.64 ± 0.10 5.71 ± 0.11

1 500 2.477 ± 0.031 2.54 ± 0.04

6 500 3.68 ± 0.04 3.78 ± 0.05

20 500 6.50 ± 0.05 6.66 ± 0.07

50 500 12.40 ± 0.15 12.71 ± 0.18
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Figure 8: Distributions of primary charged particles in events for which nch ≥ 50, pT > 500 MeV and |η| < 2.5 as a
function of (a) pseudorapidity, η, and (b) transverse momentum, pT. The data, represented by dots, are compared
to various particle-level MC predictions, which are shown by curves. The shaded areas around the data points
represent the total statistical and systematic uncertainties added in quadrature.

Phase Space 1/Nev · dNch/dη at η = 0
nch ≥ pT [MeV ] > τ > 300 ps (fiducial) τ > 30 ps (extrapolated)

2 100 5.64 ± 0.10 5.71 ± 0.11
1 500 2.477 ± 0.031 2.54 ± 0.04
6 500 3.68 ± 0.04 3.78 ± 0.05
20 500 6.50 ± 0.05 6.66 ± 0.07
50 500 12.40 ± 0.15 12.71 ± 0.18

Table 1: Central primary-charged-particle density 1/Nev · dNch/dη at η = 0 for five different phase spaces. The
results are given for the fiducial definition τ > 300 ps, as well as for the previously used fiducial definition τ > 30 ps
using an extrapolation factor of 1.012 ± 0.004 (for pT > 100 MeV) or 1.025 ± 0.008 (for pT > 500 MeV), which
accounts for the fraction of charged strange baryons predicted by Epos LHC simulation.

The evolution of the primary-charged-particle multiplicity per unit pseudorapidity at η = 0 is shown in
Figure 9. It is computed by averaging over |η| < 0.2 in the 1/Nev · dNch/dη distribution. In order to make
consistent comparisons with previous measurements, these figures are corrected to the earlier τ > 30 ps
definition of stable particles (to include the fraction of short-lived particles which have been excluded
from this study), using a factor 1.012 ± 0.004 in the pT > 100 MeV phase space and 1.025 ± 0.008
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Figure 7: Distributions of primary charged particles in events for which nch ≥ 20, pT > 500 MeV and |η| < 2.5 as a
function of (a) pseudorapidity, η, and (b) transverse momentum, pT. The data, represented by dots, are compared
to various particle-level MC predictions, which are shown by curves. The shaded areas around the data points
represent the total statistical and systematic uncertainties added in quadrature.

lower threshold, the distribution rises until values of nch ∼ 9 before falling steeply. For the higher
threshold the distribution peaks at nch ∼ 2. None of the models are consistent with the data although
the Epos LHC model provides a fair description. The two Pythia 8 calculations predict distribution
peaks which are at higher nch than those observed and underestimate the event yield at low and high
multiplicity. The Qgsjet-II tune overestimates the data at low and high nch values and underestimates the
data for intermediate nch values.

The distribution of the average transverse momentum of primary charged particles, ⟨pT⟩, versus the
primary-charged-particle multiplicity, nch, is given in Figures 4(d) and 5(d) for transverse momentum
thresholds of 100 MeV and 500 MeV, respectively. The average pT rises with multiplicity although the
rise becomes progressively less steep as the multiplicity increases. This is expected due to colour co-
herence effects in dense parton environments, which are modelled by a colour reconnection mechanism
in Pythia 8 or by the hydrodynamical evolution model used in Epos. It is assumed that numerous MPI
dominate the high-multiplicity events, and that colour coherence effects thereby lead to fewer additional
charged particles produced with every additional MPI, which share a higher average pT. The Epos LHC
and Pythia 8 models provide a fair description of the data. The Qgsjet-II model fails to predict the mean
transverse momentum over the entire multiplicity range, as it does not simulate colour coherence effects
and therefore shows very little dependence on the multiplicity.
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Pythia	  8	  A2	  describes	  
the	  plateau	  in	  the	  
central	  region	  well	  

Fair	  predic<on	  by	  
Pythia8	  and	  EPOS	  at	  
low	  pT,	  but	  large	  

devia<on	  at	  high	  pT	  	  

All	  models	  overes<mate	  
data	  at	  |η|	  >	  1.7	  but	  beher	  
descrip<on	  in	  the	  central	  

region	  

Fair	  predic<on	  by	  
Pythia8	  and	  EPOS	  at	  
low	  pT,	  but	  large	  

devia<on	  at	  high	  pT	  	  

2.5− 2− 1.5− 1− 0.5− 0 0.5 1 1.5 2 2.5

η
 / 

d
ch

N
 d⋅ 

ev
N

1/

0.5

1

1.5

2

2.5

3

3.5

Data 2012
PYTHIA 8 A2
PYTHIA 8 Monash
EPOS LHC
QGSJET II-04

| < 2.5η| > 500 MeV, 
T
p 1, ≥ chn

 > 300 psτ
 = 8 TeVsATLAS 

η
2.5− 2− 1.5− 1− 0.5− 0 0.5 1 1.5 2 2.5

M
C 

/ D
at

a

0.9

1

1.1

(a)

 ]
 -2

 [ 
G

eV
Tpd

η
 / 

d
ch

N2
 d⋅) Tpπ

 1
/(2

ev
N

1/ 11−10
10−10

9−10
8−10
7−10
6−10
5−10
4−10
3−10
2−10
1−10

1
10

210
310
410

Data 2012
PYTHIA 8 A2
PYTHIA 8 Monash
EPOS LHC
QGSJET II-04

| < 2.5η| > 500 MeV, 
T
p 1, ≥ chn

 > 300 psτ
 = 8 TeVsATLAS 

 [GeV]
T
p

1 10

M
C 

/ D
at

a

0.5

1

1.5

(b)

20 40 60 80 100 120

chn
 / 

d
ev

N
 d⋅ 

ev
N

1/
6−10

5−10

4−10

3−10

2−10

1−10

1

Data 2012
PYTHIA 8 A2
PYTHIA 8 Monash
EPOS LHC
QGSJET II-04

| < 2.5η| > 500 MeV, 
T
p 1, ≥ chn

 > 300 psτ
 = 8 TeVsATLAS 

chn
20 40 60 80 100 120

M
C 

/ D
at

a

0.5

1

1.5

(c)

20 40 60 80 100 120

 [ 
G

eV
 ]

〉 Tp〈

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Data 2012
PYTHIA 8 A2
PYTHIA 8 Monash
EPOS LHC
QGSJET II-04

| < 2.5η| > 500 MeV, 
T
p 1, ≥ chn

 > 300 psτ
 = 8 TeVsATLAS 

chn
20 40 60 80 100 120

M
C 

/ D
at

a

0.8
0.9

1
1.1
1.2

(d)

Figure 5: Distributions of primary charged particles in events for which nch ≥ 1, pT > 500 MeV and |η| < 2.5 as
a function of (a) pseudorapidity, η, (b) transverse momentum, pT, (c) multiplicity, nch, and (d) average transverse
momentum, ⟨pT⟩, versus multiplicity. The data, represented by dots, are compared to various particle-level MC
predictions, which are shown by curves. The shaded areas around the data points represent the total statistical and
systematic uncertainties added in quadrature.
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•  Mean	  number	  of	  primary	  charged	  parEcles	  increases	  by	  a	  factor	  of	  2.2	  when	  
√s	  increases	  by	  a	  factor	  of	  about	  14	  from	  0.9	  TeV	  to	  13	  TeV!	  

•  Looking	  at	  the	  overall	  picture,	  best	  predicEons	  for	  this	  observable	  is	  given	  by	  
EPOS	  followed	  by	  Pythia	  8	  A2	  and	  Monash!	  

Nov	  28	  -‐	  Dec	  2,	  2016	  
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Figure 1: The P����� 8 A3, A2 and Monash tune predictions compared with ATLAS charged particle pseudorapidity
distributions at five di�erent center-of-mass energies [3, 11, 16], 900 GeV(top left), 2.36 TeV(top right), 7 TeV(middle
left), 8 TeV(middle right), and 13 TeV(bottom). The yellow shaded areas represent the measurement uncertainty.
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Figure 1: The P����� 8 A3, A2 and Monash tune predictions compared with ATLAS charged particle pseudorapidity
distributions at five di�erent center-of-mass energies [3, 11, 16], 900 GeV(top left), 2.36 TeV(top right), 7 TeV(middle
left), 8 TeV(middle right), and 13 TeV(bottom). The yellow shaded areas represent the measurement uncertainty.
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Figure 2: The P����� 8 A3, A2 and Monash tune predictions compared with ATLAS charged particle multiplicity
distributions at five di�erent center-of-mass energies [3, 11, 16], 900 GeV(top left), 2.36 TeV(top right), 7 TeV(middle
left), 8 TeV(middle right), and 13 TeV(bottom). The yellow shaded areas represent the measurement uncertainty.
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Figure 2: The P����� 8 A3, A2 and Monash tune predictions compared with ATLAS charged particle multiplicity
distributions at five di�erent center-of-mass energies [3, 11, 16], 900 GeV(top left), 2.36 TeV(top right), 7 TeV(middle
left), 8 TeV(middle right), and 13 TeV(bottom). The yellow shaded areas represent the measurement uncertainty.

10



Nov	  28	  -‐	  Dec	  2,	  2016	   V.	  Cairo	   43	  

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a
t
i
o

n
o

n
l
y

ATLAS Data

A2

Monash

A3

ATLAS Simulationp
s = 0.9 TeV

10

�6

10

�5

10

�4

10

�3

10

�2

10

�1

1

Charged particle p?, track p? > 500MeV, for Nch � 1

1
/N

ev
1
/2

⇡
p ?

d
�
/d

⌘d
p ?

1

10

1

0.6

0.8

1

1.2

1.4

p? [GeV]

M
C
/
D
a
t
a

ATLAS Data

A2

Monash

A3

ATLAS Simulationp
s = 2.36 TeV

10

�6

10

�5

10

�4

10

�3

10

�2

10

�1

1

Charged particle p?, track p? > 500MeV, for Nch � 1

1
/N

ev
1
/2

⇡
p ?

d
�
/d

⌘d
p ?

1

10

1

0.6

0.8

1

1.2

1.4

p? [GeV]

M
C
/
D
a
t
a

ATLAS Data

A2

Monash

A3

ATLAS Simulationp
s = 7 TeV

10

�6

10

�5

10

�4

10

�3

10

�2

10

�1

1

Charged particle p?, track p? > 500MeV, for Nch � 1

1
/N

ev
1
/2

⇡
p ?

d
�
/d

⌘d
p ?

1

10

1

0.6

0.8

1

1.2

1.4

p? [GeV]

M
C
/
D
a
t
a

ATLAS Data

A2

Monash

A3

ATLAS Simulationp
s = 8 TeV

10

�6

10

�5

10

�4

10

�3

10

�2

10

�1

1

Charged particle p?, p? > 500MeV, |⌘| < 2.5, for Nch � 1

1
/N

ev
1
/2

⇡
p ?

d
�
/d

⌘d
p ?

1

10

1

0.6

0.8

1

1.2

1.4

p? [GeV]

M
C
/
D
a
t
a

ATLAS Data

A2

Monash

A3

ATLAS Simulationp
s = 13 TeV

10

�6

10

�5

10

�4

10

�3

10

�2

10

�1

1

Charged particle p?, p? > 500MeV, |⌘| < 2.5, ⌧ > 300 ps

1
/N

ev
1
/2

⇡
p ?

d
�
/d

⌘d
p ?

1

10

1

0.6

0.8

1

1.2

1.4

p? [GeV]

M
C
/
D
a
t
a

Figure 3: The P����� 8 A3, A2 and Monash tune predictions compared with ATLAS charged particle transverse
momentum distributions at five di�erent center-of-mass energies [3, 11, 16], 900 GeV(top left), 2.36 TeV(top right),
7 TeV(middle left), 8 TeV(middle right), and 13 TeV(bottom). The yellow shaded areas represent the measurement
uncertainty.
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Figure 3: The P����� 8 A3, A2 and Monash tune predictions compared with ATLAS charged particle transverse
momentum distributions at five di�erent center-of-mass energies [3, 11, 16], 900 GeV(top left), 2.36 TeV(top right),
7 TeV(middle left), 8 TeV(middle right), and 13 TeV(bottom). The yellow shaded areas represent the measurement
uncertainty.
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Figure 4: The P����� 8 A3, A2 and Monash tune predictions compared with ATLAS charged particle mean transverse
momentum against multiplicity distributions at four di�erent center-of-mass energies [3, 11, 16], 900 GeV(top
left),7 TeV(top right), 8 TeV(bottom left), and 13 TeV(bottom right). The yellow shaded areas represent the
measurement uncertainty.
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Figure 5: The P����� 8 A3, A2 and Monash tune predictions compared with ATLAS transverse energy flow [14]
(top left) and rapidity gap [15] distributions for di�erent pT requirements at 7 TeVcenter-of-mass energy. The yellow
shaded areas represent the measurement uncertainty.

13



Nov	  28	  -‐	  Dec	  2,	  2016	   V.	  Cairo	   46	  

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a
t
i
o

n
o

n
l
y

A2 Monash A3 Ndof

Charged particle pseudorapidity

At
p

s = 0.9 TeV 1.1 1.4 6.5 50
At
p

s = 2.36 TeV 0.3 2.2 0.7 25
At
p

s = 7 TeV 1.7 3.0 0.3 50
At
p

s = 8 TeV 4.0 13.3 0.4 50
At
p

s = 13 TeV 5.1 20.5 3.5 50

Charged particle multiplicity

At
p

s = 0.9 TeV 11.1 10.5 34.5 34
At
p

s = 2.36 TeV 0.3 1.0 0.2 11
At
p

s = 7 TeV 14.7 33.8 26.5 39
At
p

s = 8 TeV 12.3 19.2 14.0 39
At
p

s = 13 TeV 32.5 64.4 94.2 81

Charged particle transverse momentum

At
p

s = 0.9 TeV 18.3 27.8 54.2 31
At
p

s = 2.36 TeV 0.7 1.2 1.3 22
At
p

s = 7 TeV 4.8 1.6 2.9 36
At
p

s = 8 TeV 13.5 4.8 8.4 36
At
p

s = 13 TeV 35.1 18.3 16.6 37

Charged particle mean transverse momentum against multiplicity

At
p

s = 0.9 TeV 3.3 4.1 2.1 34
At
p

s = 7 TeV 2.2 2.9 1.9 39
At
p

s = 8 TeV 16.3 26.8 14.2 39
At
p

s = 13 TeV 28.3 33.1 21.6 81

Transverse energy flow

1.8 1.3 1.7 6

Rapidity gap

pT > 400 MeV 6.2 3.5 4.2 35
pT > 600 MeV 4.4 1.1 0.4 35
pT > 800 MeV 0.7 0.6 0.1 25

Table 7: For each distribution shown in Fig. 1 to Fig. 5, The �2/Ndof values for A2, Monash and A3 tunes are
shown, along with Ndof values for each distribution. The �2 values are computed over all bins with respect to the
ATLAS data points for the specific distribution. The systematic uncertainties in di�erent bins are correlated, and
these correlations are not included in the calculation of the �2.
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χ2/Ndof	  values	  for	  A2,	  Monash	  and	  A3	  tunes	  
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DRAFT

Symbol Description

Independent variables

plead
T Transverse momentum of the leading charged particle

N trans
ch Number of charged particles in the transverse region

|��| Absolute di↵erence in particle azimuthal angle from the leading charged particle

Dependent variables

hNch/�⌘��i Mean number of charged particles per unit ⌘–� (in radians)

hPpT/�⌘��i Mean scalar pT sum of charged particles per unit ⌘–� (in radians)

hmean pTi Mean of the per-event average pT of charged particles (� 1 charged particle required)

Table 1: Definitions of the measured observables in terms of primary stable particles. The top group of observables
are used to define the x-axes of the plots to be shown in Section 8, and the lower group are the mean values of distri-
butions constructed in each x-bin and plotted on the y-axes. The �⌘�� scale-factors convert the raw measurements
of regional Nch and

P
pT into densities per unit ⌘–� and their values change depending on the region/bin-sizes

being considered, so that the density variables are everywhere directly comparable.

per-event or per-particle quantities used to define the “independent variable”, i.e. the (binned) horizontal73

axes in the unfolded observables plotted in Section 8; and secondly the mean values of distributions of74

per-event quantities to be studied as functions of the first variable group entries. The second group are75

defined for each bin and (except for the hmean pTi in which ⌘–� area factors cancel) are scaled by the76

corresponding �⌘�� areas to give densities comparable between all final plots.2 Due to the |⌘ | < 2.577

fiducial acceptance, �⌘ = 5 in all cases; while �� is 2⇡/3 for the toward, transverse & away regions, is78

⇡/3 for trans-min & trans-max, and is 2⇡/nbins for distributions plotted against nbins in |��|. The mean79

charged particle momentum hpTi is constructed on an event-by-event basis and then averaged over all80

events to give hmean pTi.81

The majority of underlying event observables study the dependences of these quantities on the transverse82

momentum of the leading object – here the leading charged particle. The development of this leading83

object from low to high pT corresponds to the smooth transition from “minimum bias” interactions into84

the hard scattering regime focused on by most LHC analyses, and the correlation distributions characterise85

how soft QCD e↵ects co-evolve with the hard process through this transition. This analysis also studies86

the dependence of the observables on the azimuthal angle with respect to the leading particle and each87

region’s charged-particle multiplicity. For the observables against relative azimuthal angle, the leading88

particle has been excluded from the spectrum.89

3 Monte Carlo modelling of the underlying event90

As a physics process not calculable from first-principles perturbative QCD and related to the bulk structure91

of protons, the underlying event is modelled in Monte Carlo event generator programmes by various92

2 Lower-case �s have been used in this factor to avoid confusion with the capital � in |��|, and since the resulting distributions
should not be considered integrable as would be implied by di↵erential “d2/d⌘d�” notation.
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ATLAS	  Internal	  figures,	  to	  be	  
fixed	  
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•  Reduced	  Phase	  Space	  (pT	  >	  500	  MeV,	  |η|<	  0.8)	  
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dNch/dη	   d2Nev/dηdpT	  

The	  level	  of	  agreement	  between	  the	  data	  and	  MC	  generator	  predic<ons	  follows	  the	  same	  
pahern	  as	  seen	  in	  the	  main	  phase	  space:	  

Some	  Models/Tunes	  give	  remarkably	  good	  predicEons	  (EPOS,	  Pythia8)	  

dNev/dnch	   <pT>	  VS	  nch	  

Models	  differ	  mainly	  
in	  normalisa<on,	  
shape	  similar	  

Measurement	  spans	  
10	  orders	  of	  
magnitude	  	  

Low	  nch	  not	  well	  modelled	  by	  any	  MC;	  large	  
contribu<on	  from	  diffrac<on;	  

Models	  without	  colour	  reconnec<on	  (QGSJET)	  fail	  
to	  model	  scaling	  with	  nch	  very	  well	  

Nov	  28	  -‐	  Dec	  2,	  2016	  
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Figure 5: Primary-charged-particle multiplicities as a function of (a) pseudorapidity, η, and (b) transverse mo-
mentum, pT; (c) the multiplicity, nch, distribution and (d) the mean transverse momentum, ⟨pT⟩ , versus nch in
events with nch ≥ 1, pT > 500 MeV and |η| < 0.8. The dots represent the data and the curves the predictions from
different MC models. The x-value in each bin corresponds to the bin centroid. The vertical bars represent the stat-
istical uncertainties, while the shaded areas show statistical and systematic uncertainties added in quadrature. The
bottom panel in each figure shows the ratio of the MC simulation over the data. Since the bin centroid is different
for data and simulation, the values of the ratio correspond to the averages of the bin content.
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Figure 5: Primary-charged-particle multiplicities as a function of (a) pseudorapidity, η, and (b) transverse mo-
mentum, pT; (c) the multiplicity, nch, distribution and (d) the mean transverse momentum, ⟨pT⟩ , versus nch in
events with nch ≥ 1, pT > 500 MeV and |η| < 0.8. The dots represent the data and the curves the predictions from
different MC models. The x-value in each bin corresponds to the bin centroid. The vertical bars represent the stat-
istical uncertainties, while the shaded areas show statistical and systematic uncertainties added in quadrature. The
bottom panel in each figure shows the ratio of the MC simulation over the data. Since the bin centroid is different
for data and simulation, the values of the ratio correspond to the averages of the bin content.
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•  Nominal	  Phase	  Space	  (500	  MeV)	  
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dNch/dη	   d2Nev/dηdpT	   dNev/dnch	   <pT>	  VS	  nch	  

CONF	  
Big	  improvements	  in	  the	  systema<c	  
uncertainty	  evalua<on	  thanks	  to	  
the	  correc<on	  to	  the	  tracking	  
efficiency	  driven	  by	  material	  

studies	  

Nov	  28	  -‐	  Dec	  2,	  2016	  
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•  Herwig	  was	  dropped	  bacause	  the	  tune	  (based	  on	  CTEQ6L1	  PDF)	  used	  for	  the	  
CONFNote	  was	  not	  the	  op<mal	  one	  	  

à	  updated	  plots	  with	  the	  tune	  (based	  on	  MRST	  PDF)	  suggested	  by	  the	  expert	  	  
à	  improved	  data/MC	  agreement	  

CONF	   Paper	  

Nov	  28	  -‐	  Dec	  2,	  2016	  
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hhp://arxiv.org/pdf/1012.5104v2.pdf	  dNch/dη	  

•  Models	  differ	  mainly	  in	  normalisa<on,	  shape	  similar	  
•  Track	  mul<plicity	  underes<mated	  
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hhp://arxiv.org/pdf/1012.5104v2.pdf	  

•  Large	  disagreement	  at	  low	  pT	  and	  high	  pT	  	  

d2Nev/dηdpT	  
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hhp://arxiv.org/pdf/1012.5104v2.pdf	  

•  Low	  nch	  not	  well	  modelled	  by	  any	  MC;	  large	  contribu<on	  from	  diffrac<on	  	  

dNev/dnch	  
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hhp://arxiv.org/pdf/1012.5104v2.pdf	  

•  Pythia8	  with	  hard	  diffrac<ve	  component	  give	  best	  descrip<on	  	  
•  Shape	  at	  low	  nch	  sensi<ve	  to	  ND,	  SD,	  DD	  frac<ons	  especially	  when	  using	  a	  100	  MeV	  selec<on	  	  

<pT>	  vs.	  nch	  

The	  measurement	  of	  ⟨pT⟩	  as	  a	  func<on	  of	  charged	  mul<plicity	  at	  s	  =	  
2.36	  TeV	  is	  not	  shown	  because	  different	  track	  reconstruc<on	  methods	  
are	  used	  for	  determining	  the	  pT	  and	  mul<plicity	  distribu<ons	  
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hhp://arxiv.org/pdf/1012.5104v2.pdf	  

•  Pythia8	  with	  hard	  diffrac<ve	  component	  give	  best	  descrip<on	  	  
•  Shape	  at	  low	  nch	  sensi<ve	  to	  ND,	  SD,	  DD	  frac<ons	  especially	  when	  using	  a	  100	  MeV	  selec<on	  	  

<pT>	  vs.	  nch	  



Minimum	  Bias	  measurements	  in	  ATLAS:	  
•  0.9	  TeV	  (03/2010)	  	  

•  1	  phase	  space	  (1	  charged	  par<cle,	  500	  MeV,	  |η|<2.5)	  
•  0.9,	  2.36,	  7	  TeV	  (12/2010)	  

•  3	  phase	  spaces	  (1,	  2,	  6	  charged	  par<cles,	  100-‐500	  MeV,	  |η|<2.5)	  
•  0.9,	  7	  TeV	  (12/2010)	  

•  CONFNote	  –	  2	  phase	  spaces	  (1	  charged	  par<cle,	  500-‐1000	  MeV,	  |η|<0.8)	  
•  8	  TeV	  (03/2016)	  

•  5	  phase	  spaces	  (1,	  2,	  6,	  20,	  50	  charged	  par<cles,	  100-‐500	  MeV,	  |η|<2.5	  )	  
•  13	  TeV	  (02/2016)	  

•  2	  phase	  spaces	  (1	  charged	  par<cle,	  500	  MeV,	  |η|<2.5,	  0.8)	  
•  13	  TeV	  (in	  second	  circula<on)	  

•  1	  phase	  space	  (2	  charged	  par<cles,	  100	  MeV,	  |η|<2.5)	  

Minimum	  Bias	  measurements	  in	  CMS:	  
•  0.9,	  2.36	  (02/2010)	  

•  Charged	  hadrons	  
•  7	  TeV	  (02/2010)	  

•  Charged	  hadrons	  
•  0.9,	  2.36,	  7	  TeV	  (11/2010)	  

•  5	  pseudorapidity	  ranges	  from	  |eta|<0.5	  to	  |eta|<2.4	  
•  8	  TeV	  (05/2014)	  –	  with	  Totem	  	  

•  |η|<2.2,	  5.3<|η|<6.4	  
•  13	  TeV	  (07/2015)	  	  

•  no	  magne<c	  field	  
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Minimum	  Bias	  measurements	  in	  LHCb:	  
•  7	  TeV	  (12/2011)	  	  

•  pT	  >	  1	  GeV,	  -‐2.5<η<-‐2.0,	  2.0<η<4.5	  

	  
	  
Latest	  Minimum	  Bias	  measurements	  in	  ALICE:	  
•  13	  TeV	  (12/2015)	  	  

•  Pseudorapidity	  distribu<on	  in	  |η|<	  	  1.8	  is	  reported	  
for	  inelas<c	  events	  and	  for	  events	  with	  at	  least	  one	  
charged	  par<cle	  in	  |η|<	  	  1	  

	  
•  Transverse	  momentum	  distribu<on	   in	  0.15	  <	   	  pT	  <	  	  

20	  GeV/c	  and	  |η|<	  	  0.8	  for	  events	  with	  at	  least	  one	  
charged	  par<cle	  in	  |η|<	  	  1	  

Nov	  28	  -‐	  Dec	  2,	  2016	   V.	  Cairo	   57	  



Nov	  28	  -‐	  Dec	  2,	  2016	   V.	  Cairo	   58	  



Nov	  28	  -‐	  Dec	  2,	  2016	   V.	  Cairo	   59	  

•  ΣET	  and	  rapidity	  gaps	  distribuEons	  at	  7	  TeV	  

ATL-‐PHYS-‐PUB-‐2016-‐017	  
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Figure 5: The P����� 8 A3, A2 and Monash tune predictions compared with ATLAS transverse energy flow [14]
(top left) and rapidity gap [15] distributions for di�erent pT requirements at 7 TeVcenter-of-mass energy. The yellow
shaded areas represent the measurement uncertainty.
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at high energy. In SD, the scattered protons are produced in the forward and backward region37

of the detector along the longitudinal axis. The Pomeron exchange results in the absence of38

colour exchange in the rapidity region bounded by the protons, thus the absence of particle39

production, or a so-called rapidity gap. In DD the Pomeron exchange takes place between two40

forward dissociated systems, leaving the central region devoid of particles.41

Unless the forward proton is detected, the mass of the dissociated systems can hardly be42

measured as many particles are produced beyond the ATLAS acceptance |η| ≈ 4.9. Nevertheless,43

in the case of a single Pomeron exchange, the masses of the dissociating systems are strongly44

correlated to the size of the rapidity gap. The rapidity gap is measured using both the Inner45

Detector and the Calorimeters. The main observable is the forward gap, ∆ηF : it is the largest46

of the two empty rapidity regions between the edges of the detector and the nearest particle.47

Particles are defined here by tracks with a pT greater than 200 MeV or calorimeter clusters of48

energy above 200 MeV. Given the acceptance of the detector, the gap sizes lie in the range 0 <49

|∆ηF | < 8.50

The common Monte Carlo event generators used are pythia6 (tune AMBT2) [4], pythia851

(tune 4C) [5] and phojet [6]. The rapidity gap measurement is corrected for migration between52

the reconstructed and hadron levels using stable charged particles with pT > 200 MeV inside53

|η| < 4.9. The detector unfolding correction factors are determined with pythia8 4C, as it54

shows overall the best agreement with data, using a bayesian approach [7].55

The main sources of systematic error associated to the rapidity gap measurement are the MC56

model-dependence and error due to the unfolding procedure, the modelling of the diffractive57

contributions to the total inelastic cross section, the calorimeter energy scale, the Minimum58

Bias Trigger Scintillators (MBTS) and track efficiency and finally the error on the luminosity.59
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Figure 1. Inelastic cross section differential as a function of the forward gap size ∆ηF . The
ND, SD and DD components according to pythia8 4C are distributed separately in (a) and
compared to data (the green band corresponds to the associated systematic error) while (b)
compares data to various models: pythia6 in red line, pythia8 4C in blue dot-dashed line and
phojet in brown dashed line. These figures originate from [2].

Figure 1(a) displays the inelastic cross section as a function of ∆ηF as measured in data.60

The different diffractive contributions as simulated by pythia8 4C are also displayed. Overall61

the MC prediction lies above the data, which is consistent with a previous measurement of the62

total inelastic cross section [8]. Figure 1(b) focuses on the medium-to-large ∆ηF region, and63

specifically the rise of the differential cross section at large ∆ηF , not reproduced by the common64

MC simulations. This rise is expected for diffractive processes arising from triple Pomeron65

terms in models where the intercept of the Pomeron αP(0) > 1 [9–11]. It is the case in pythia866
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6 Chapter 1. Theoretical Background

The non-diffractive part is dominated by t-channel gluon exchange. Its simulation723

includes multiple parton-parton interactions (MPI). The diffractive part involves a724

color-singlet exchange. It is further divided into single-diffractive dissociation (SD)725

where one of the initial hadrons remains intact and the other is diffractively excited726

and dissociates, and double-diffractive dissociation (DD) where both hadrons disso-727

ciate. The sample contains ⇠22% SD and ⇠12% DD processes.728

To reproduce experimental data, the ATLAS minimum-bias tune A2 [20] is used,729

which is based on the MSTW2008LO PDF [21]. It provides a good description of730

minimum bias events and of the transverse energy flow data, a calorimeter-based731

minimum bias analysis performed with
p
s = 7 TeV data [22].732

An alternative tune, Monash [23], is used for comparison. It uses updated fragmen-733

tation parameters compared to A2 and minimum-bias, Drell-Yan, and underlying-734

event data from the LHC to constrain ISR and MPI parameters. In addition, it uses735

SPS and Tevatron data to constrain the energy scaling. It uses the NNPDF2.3LO736

PDF [24]. This tune gives an excellent description of 7 TeV minimum bias p
T

spec-737

trum.738

• In HERWIG++ [17], inclusive hadron-hadron interactions are simulated by applying739

a MPI model for the non-diffractive processes to events without hard scattering. It740

is therefore possible to generate an event with zero 2!2 partonic scatters, in which741

only beam remnants are produced without anything between them. These types of742

events look similar to double-diffractive dissociation, even though HERWIG++ does743

not have any explicit model for diffractive processes.744

The version 2.7.1 is used with a 7 TeV underlying event tune, UE-EE-5-CTEQ6 [25]745

with CTEQ6L1 PDF [26] , which employs color reconnection and energy dependent746

MPI minimum p
T

cutoff. It provides simultaneously a good description of both the747

underlying event and the double parton scattering data by tuning the deep parton748

interaction (DPI) effective cross section.749

• EPOS stands for Energy conserving quantum mechanical approach, based on Partons, par-750

ton ladders, strings, Off-shell remnants, and Splitting of parton ladders. The latest ver-751

sion 3.4 is used, which is equivalent to 1.99 version with the so called LHC tune.752

It provides an implementation of a parton-based Gribov-Regge theory, which is an753

effective QCD-inspired field theory describing the hard and soft scattering simul-754

taneously. Hence, the calculations do not rely on the standard parton distribution755

functions (PDFs) as used in generators like PYTHIA 8 and HERWIG++ .756

• QGSJET-II offers a phenomenological treatment of hadronic and nuclear collisions757

at high energies, being developed in the Reggeon Field Theory framework. The758

soft and semi hard parton processes are included in the model within the “semi759

hard Pomeron” approach. Nonlinear interaction effects are treated by means of760

Pomeron Pomeron interaction diagrams.The latest model version comprises three761

important updates: treatment of all significant enhanced diagram contributions to762

the underlying dynamics, including ones of Pomeron loops, re-calibration of the763

model with new LHC data, and improved treatment of charge exchange processes764

in pion-proton and pion-nucleus collisions.765

The PYTHIA 8 generator with the A2 tune is used as baseline setting to produce MC766

samples of non-diffractive, single-diffractive and double-diffractive processes. The contribu-767

tions of these three processes are mixed together in the generated samples according to768

the generator cross sections. All the events are processed through the ATLAS detector769
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Observable tt tune General tune

t t gap fractions [12]
Gap fraction vs Q0 and Qsum for |y | < 2.1 (2 dist.) 1 5
t t jet shapes [13]
Di�erential light-jet shapes ⇢(r) for di�erent pT regions (5 dist.) 1 5
t t Njets & jet pT [14]
tt cross section vs. jet multiplicity for dif. jet pT cuts (4 dist.) 1 0
tt cross section vs. 1st to 5th jet pT (5 dist.) 1 0
tt cross section vs. jet multiplicity for jets above 25 and 80 GeV (2 dist.) 0 5
tt cross section vs. 1st and 5th jet pT (2 dist.) 0 5
Z/�⇤ boson angular correlations [16]
Z �⇤⌘ spectrum for Z ! ee - region with �⇤⌘ < 0.5 (1 dist.) 0 5
Z/�⇤ boson pT [18]
Z pT spectrum for Z ! µµ - region with pT < 50 GeV (1 dist.) 0 5
Z/�⇤ boson underlying event [17]P

pT vs. Z pT in toward & transverse regions - low pT (Z ) (2 dist.) 0 5
Nch vs. Z pT in toward & transverse regions - for pT (Z ) (2 dist.) 0 5
Dijet jet shapes [19]
Jet shape ⇢ (49 dist.) for dif. pT and ⌘ regions 0 1
Dijet azimuthal decorrelations [20]
Dijet azimuthal decorrelations in three pmax

T regions (3 dist.) 0 1
Dijet gap fractions [21]
Gap fraction vs |�y | with Fwd/Bwd jets - region with |�y | < 3.0 (5 dist.) 0 1
Njet vs |�y | with Fwd/Bwd jets - region with |�y | < 3.0 (4 dist.) 0 1
Multi-jet cross sections [22]
3-to-2 jet ratios for pjets

T > 80 GeV & pjets
T > 110 GeV (R = 0.6) (2 dist.) 0 1

Track-jet properties [23]
Charged jet ⇢ch(r) for dif. pT and y regions (R = 0.4) (16 dist.) 0 1
Jet mass and substructure [24]
For Cambridge-Aachen R=1.2 jets: jet mass, ⌧21 and ⌧23 (12 dist.) 0 1
For anti-kt R=1.0 jets: jet mass,

p
d12,
p

d23, ⌧21 and ⌧23 (15 dist.) 0 1
Track-jet UE [25]
Mean Nch vs. plead

T in trans. region - for plead
T > 30 GeV (5 dist.) 0 1

Mean pT vs. plead
T in trans. region - for plead

T > 30 GeV (5 dist.) 0 1
⌘ dependence on ET [26]P

ET for the dijet selection (6 dist.) 0 1
Leading jet UE [27]P

pch
T vs. plead

T in trans-min region for plead
T > 200 GeV (1 dist.) 0 1

Nch vs. plead
T in trans-min region for plead

T > 200 GeV (1 dist.) 0 1

Table 1: The specific observables and tuning ranges from the Rivet analyses chosen for the two tunes developed:
A15-MG5aMCNLO-TTBAR and A15-MG5aMCNLO. The last two columns provide the weights used in each tune.

• Two di�erent samples were used for inclusive jet production. The default event generation with
M��G����5_�MC@NLO sets a minimum transverse momentum for final state particles from

5


