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•  Hard	   QCD	   events	   cons;tute	   only	   a	   ;ny	  
frac;on	   of	   the	   total	  pp	   cross-‐sec=on,	  which	  
is	  then	  dominated	  by	  soB	  events	  (peripheral	  
processes)	  à	  while	  hard	  QCD	  processes	   can	  
be	   studied	   by	   means	   of	   perturba;ve	  
approaches,	   this	   is	   not	   possible	   for	   the	   soF	  
QCD	  events	  	  

•  The	  development	  of	  Monte	  Carlo	  (MC)	  event	  
generators	  began	  shortly	  aFer	   the	  discovery	  
of	   the	  partonic	  structure	  of	  hadrons	  and	  the	  
formalisa;on	  of	  QCD	  as	  the	  theory	  of	  strong	  
interac;ons	  à	  Models	  have	  to	  be	  developed	  
with	  a	  set	  of	  tunable	  parameters	  to	  describe	  
the	   hadron-‐level	   proper;es	   of	   final	   states	  
dominated	  by	  soF	  QCD	  
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Inclusive	   charged-‐par=cle	   and	   underlying	   event	  measurements	   in	  pp	   collisions	   are	   the	   ideal	  
test	  bed	  to	  provide	  insight	  into	  the	  soF	  QCD	  region:	  
•  Crucial	  for	  the	  tuning	  of	  the	  Monte	  Carlo	  event	  generator	  
•  Essen=al	  to	  understand	  and	  correctly	  simulate	  any	  other	  more	  complex	  phenomena	  
•  Ideal	  to	  study	  tracking	  performance	  in	  the	  “early”	  stage	  of	  a	  new	  data	  taking…	  
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In	  this	  talk:	  
•  Focus	   on	   the	   nominal	   phase	   space	   inves;gated	   within	   the	  Minimum	   Bias	   analysis	   at	   13	   TeV	   and	  

comparison	  with	  the	  other	  phase	  spaces,	  where	  relevant:	  
•  Nominal: 	  pT	  >	  500	  MeV,	  |η|<	  2.5	  (All	  the	  details	  in	  the	  next	  slides,	  	  Phys.	  Le\.	  B	  758,	  67–88	  (2016))	  
•  Reduced:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  pT	  >	  500	  MeV,	  |η|<	  0.8	  (For	  comparison	  to	  the	  various	  detectors,	  	  Phys.	  Le\.	  B	  758,	  67–88	  (2016))	  
•  Extended: 	  pT	  >	  100	  MeV,	  |η|<	  2.5	  (To	  inves;gate	  the	  low	  pT	  region	  -‐	  Eur.	  Phys.	  J.	  C	  (2016)	  76:502)	  

•  Comparison	  with	  8	  TeV	  results	  recently	  published,	  Eur.	  Phys.	  J.	  C	  (2016)	  76:403	  
•  High	  mul;plicity	  phase	  spaces	  (nch>20,50)	  (first	  ;me	  in	  ATLAS)	  

•  Track-‐based	  underlying	  event	  at	  13	  TeV,	  JHEP	  03	  (2017)	  157	  

LHC	  Run	  1	  data	  showed	  a	  higher	  min	  bias	  and	  underlying	  event	  ac=vity	  than	  that	  predicted	  by	  
Monte	  Carlo	  models	  tuned	  to	  pre-‐LHC	  data.	  	  

Phys.	  Rev.	  D83	  (2011)	  112001	  

New	  J.	  Phys.	  13	  (2011)	  053033	  New	  J.	  Phys.	  13	  (2011)	  053033	  
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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	  à	  

good	  modeling	  of	  min	  bias	  events	  needed	  for	  pile-‐up	  simula;on	  

•  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	  par=cles	  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	  	  
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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	  (06/2016)	  	  

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

March	  29th,	  2018	  

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	  

Summarising:	  	  
Very	  different	  detectors,	  but	  trying	  to	  have	  
some	  common	  phase	  space	  to	  compare	  

results!	  
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•  ATLAS	  is	  a	  general	  purpose	  detector	  with	  a	  tracking	  system	  ideal	  for	  the	  measurement	  of	  
par;cle	  kinema;cs	  
•  New	  Insertable	  B-‐Layer	  (IBL)	  added	  to	  the	  tracking	  system	  during	  Long	  Shutdown	  1	  

	  

•  To	   study	   an	   Extended	   Phase	   Space	   with	   pT	   >	   100	   MeV	   a	   robust	   low	   pT	   reconstruc=on	   is	  
fundamental!	  

•  Possible	   in	   Run	   1,	   but	  much	   improved	   in	   RUN	   2	   thanks	   to	   the	   IBL	  which	   allows	   to	   use	   an	   extra	  
measurement	  point	  

•  Cri=cal	  evalua=on	  of	  the	  systema=cs	  when	  going	  to	  very	  low	  pT	  
•  Main	  source	  is	  the	  accuracy	  with	  which	  the	  amount	  of	  material	  in	  the	  Inner	  Detector	  is	  known	  
•  Material	  studies	  are	  fundamental	  (also	  for	  the	  track-‐based	  Underlying	  Event)	  à	  details	  in	  the	  

next	  slides	  



•  Accepted	  on	  single-‐arm	  Minimum	  Bias	  Trigger	  Scin;llator	  (MBTS)	  
•  Primary	  vertex	  (2	  tracks	  with	  pT	  >100	  MeV)	  
•  Veto	  on	  any	  addi;onal	  ver;ces	  with	  ≥	  4	  tracks	  
•  At	  least	  1	  selected	  track:	  

•  pT	  >	  500	  MeV	  and	  |η|	  <	  2.5	  (Nominal	  phase	  space)	  or	  |η|	  <	  0.8	  (Reduced	  phase	  space)	  
•  Or	  at	  least	  2	  selected	  tracks:	  

•  pT	  >	  100	  MeV	  and	  |η|	  <	  2.5	  (Extended	  phase	  space)	  	  
•  For	  each	  track:	  

•  At	  least	  1	  Pixel	  hit	  
•  At	  least	  	  

•  2	  SCT	  hits	  if	  	  pT	  <	  300	  MeV	  
•  4	  SCT	  hits	  if	  	  pT	  <	  400	  MeV	  
•  6	  SCT	  hits	  if	  	  pT	  >	  400	  MeV	  

•  IBL	  hit	  required	  	  
•  |d0BL|	  <	  1.5	  mm	  (transverse	  impact	  parameter	  w.r.t	  beam	  line)	  
•  |Δz0sinϑ|	  <	  1.5	  mm	  (Δz0	  is	  the	  difference	  between	  track	  z0	  and	  vertex	  z	  posi;on)	  
•  Track	  fit	  χ2	  probability	  >	  0.01	  for	  tracks	  with	  pT	  >	  10	  GeV	  
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Primary	  Charged	  Par=cles:	  charged	  par;cles	  with	  a	  mean	  life;me	  >	  300	  ps,	  either	  
directly	  produced	  in	  pp	  interac;ons	  or	  from	  subsequent	  decays	  of	  directly	  produced	  
par;cles	  with	  <	  30	  ps	  à	  strange	  baryons	  excluded	  (more	  details	  in	  the	  next	  slides)	  

Mainly	  for	  
reference,	  not	  for	  
going	  into	  the	  

details…	  



Simula=on:	  
•  ︎Pythia	  8	  	  Pythia	  8	  	  

•  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	  	  

March	  29th,	  2018	   V.	  Cairo	   8	  

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	  sca\ering	  at	  low	  pt	  and	  imprecise	  knowledge	  of	  the	  

material	  in	  the	  ID	  

Data:	  
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•  Track	  reconstruc;on	  Efficiency:	  main	  ingredient	  for	  the	  
Minimum	  Bias	  analysis	  

	  
•  Cri;cal	  evalua;on	  of	  the	  systema;cs	  when	  going	  to	  very	  low	  pT	  

•  At	  13	  TeV,	  different	  approaches	  taken	  for	  the	  nominal	  and	  the	  
extended	  phase	  space	  à	  discussed	  in	  the	  next	  slides	  
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6.3. Track reconstruction e�ciency240

The primary track reconstruction e�ciency, "trk, is determined from the simulation with a correction
applied to account for di↵erences between data and simulation in the amount of detector material between
the pixel and SCT detectors in the region |⌘ | > 1.5. The e�ciency is parametrised in two-dimensional
bins of pT and ⌘ and is defined as:

"trk(pT,⌘) =
Nmatched

rec (pT,⌘)
Ngen(pT,⌘)

,

where pT and ⌘ are generated particle properties, Nmatched
rec (pT,⌘) is the number of reconstructed tracks241

matched to a generated charged particle and Ngen(pT,⌘) is the number of generated charged particles in242

that bin. A track is matched to a generated particle if the weighted fraction of hits on the track origin-243

ating from that particle exceeds 50%. The hits are weighted according to their importance in the track244

reconstruction. The track reconstruction e�ciency depends on the amount of material in the detector, due245

to particle interactions that lead to e�ciency losses. The relatively large amount of material between the246

pixel and SCT detectors in the region |⌘ | > 1.5 has changed between Run 1 and Run 2 and comes in the247

form of complex structures that are di�cult to simulate accurately. The track reconstruction e�ciency in248

this region is therefore corrected using a method that compares the e�ciency to extend a track reconstruc-249

ted in the pixel detector into the SCT in data and simulation. Di↵erences in this extension e�ciency are250

sensitive to di↵erences in the amount of material in this region, which are then translated into a correction251

to the track reconstruction e�ciency. The correction together with the systematic uncertainty is shown in252

Figure 2(b). The uncertainty is 0.4% in the region |⌘ | > 1.5, coming predominantly from the uncertainty253

of the particle composition in the simulation used to make the measurement.254

The resulting reconstruction e�ciency as a function of ⌘ integrated over pT is shown in Figure 2(c).255

The track reconstruction e�ciency is lower in the region |⌘ | > 1 due to particles passing through more256

material in that region. The slight increase in e�ciency at |⌘ | ⇠ 2.2 is due to the particles passing through257

an increasing number of layers in the ID end-cap. Figure 2(d) shows the e�ciency as a function of pT258

integrated over ⌘.259

Systematic uncertainties on the part of the track reconstruction e�ciency derived from simulation result260

from the level of disagreement between data and simulation. A good description of the material in the261

detector in the regions not probed by the data-driven method described above is needed to obtain a good262

description of the track reconstruction e�ciency. The material within the ID was studied extensively263

during Run 1 [27], where it was constrained to within 5%. This gives rise to a systematic uncertainty264

on the track reconstruction e�ciency of 0.6% (1.2%) in the central (forward) region. Between Run 1265

and Run 2 the IBL was introduced, the simulation of which must therefore be studied with the Run 2266

data. Two data-driven methods are used: a study of secondary vertices from photon conversions (� !267

e+e�) and a study of secondary vertices from hadronic interactions, where the vertex mass and radii are268

measured. Comparisons between data and simulation indicate that the material in the IBL is constrained269

to within 10%. This leads to an uncertainty on the track reconstruction e�ciency of 0.1% (0.2%) in the270

central (forward) region. This uncertainty is added linearly with the uncertainty from contraints from271

Run 1, as it is assumed that it is more likely that material is missing in both cases. This uncertainty is272

combined quadratically with the uncertainty from the data-driven correction. The total uncertainty due to273

the knowledge of the detector material is 0.7% in the most central region and 1.5% in the most forward274

region.275
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Size	  
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Size	  
(√s=8	  TeV,	  pT>100	  MeV)	  

Track	  Selec=on	   0.5%	   0.5%	  
0.5%	  -‐	  8%	  

χ2	  probability	   0.5%	  -‐	  5%	   0.2%	  -‐	  7%	  

Material	   0.6%	  -‐	  1.5%	   1%	  -‐	  9%	   1.6%	  -‐	  3.5%	  
(up	  to	  8%	  for	  pT	  <	  150	  MeV)	  

using the same method as described in Ref. [18] and subtracted before measuring the efficiency. The ver-
tex reconstruction efficiency was parameterised as a function of nBSsel , using the same track quality criteria
with modified impact parameter constraints as for the trigger efficiency.
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Figure 3: Selection efficiencies for 8 TeV data in the most inclusive measured phase space with transverse mo-
mentum pT > 100 MeV: (a) The L1_MBTS_1 trigger efficiency as a function of the number of selected tracks, nBSsel .
L1_MBTS_1 is the requirement that in at least one module of the minimum-bias trigger scintillators a signal above
threshold was registered. (b) The vertex reconstruction efficiency as a function of the number of selected tracks,
nBSsel . (c) The track reconstruction efficiency as a function of the pseudorapidity, η. (d) The track reconstruction
efficiency as a function of the transverse momentum, pT. The shaded areas represent the sum of systematic and
statistical errors.

The result is shown in Figure 3(b) as a function of nBSsel for events in the most inclusive phase space
with pT > 100 MeV. The efficiency was measured to be approximately 89% for nBSsel = 2, rapidly
rising to 100% at higher track multiplicities. For the pT > 500 MeV phase space, the result is given in
Figure 13(a) in Appendix D. For events with nBSsel = 2 in the pT > 100 MeV phase space, the efficiency
was parameterised as a function of the minimum difference in longitudinal impact parameter (∆zmin0 ) of
track pairs, as well as the minimum transverse momentum (pminT ) of selected tracks in the event. For
events with nBSsel = 1 in the pT > 500 MeV phase space, the efficiency was parameterised as a function of
η of the single track.

9

√s=13	  TeV,	  
pT>100	  MeV	   √s=8	  TeV,	  

pT>100	  MeV	  



•  The	  accuracy	  with	  which	  the	  amount	  of	  material	  in	  the	  ID	  is	  known	  contributes	  the	  
largest	   source	   of	   uncertainty	   on	   the	   simula;on-‐based	   es;mate	   of	   the	   track	  
reconstruc=on	  efficiency	  

•  Complementary	  tracking	  studies	  to	  probe	  the	  changes	  made	  to	  the	  ID	  during	  LS1	  
•  new	  smaller	  beam	  pipe	  installed	  together	  with	  the	  IBL	  
•  new	  more	  robust	  pixel	  service	  connec=ons	  installed	  at	  the	  same	  ;me	  

11	  March	  29th,	  2018	  

•  Comprehensive	  results	  released	  by	  ATLAS	  in	  the	  paper	  “Study	  of	  the	  Material	  of	  the	  ATLAS	  Inner	  Detector	  
for	  Run	  2	  of	  the	  LHC”	  (JINST	  12	  (2017)	  P12009)	  in	  December	  2017	  

•  Secondary	  ver;ces	  studies	  released	  also	  in	  Run	  1:	  JINST	  11	  (2016)	  P11020,	  ATL-‐CONF-‐2010-‐007,	  ATL-‐CONF-‐2010-‐019	  

METHOD	   SENSITIVE	  REGION	  	  

Hadronic	  Interac=ons	  Rate	   Beam	  Pipe	  –	  Pixel	  –	  
First	  SCT	  layer	  

Photon	  Conversions	  Rate	   Beam	  Pipe	  –	  Pixel	  –	  
First	  SCT	  layer	  

SCT	  Extension	  Efficiency	   Pixel	  Services	  

V.	  Cairo	  



•  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	  

V.	  Cairo	   12	  
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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	  reduc=on	  of	  the	  systema=c	  uncertain=es	  
•  Only	  applied	  in	  the	  Nominal	  phase	  space	  due	  to	  issues	  extrapola;ng	  to	  low	  pT	  
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Figure 2: (a) Trigger efficiency with respect to the event selection, as a function of the number of reconstructed
tracks without the zBL0 · sin θ constraint (n

no−z
sel ). (b) Data-driven correction to the track reconstruction efficiency as a

function of pseudorapidity, η. The track reconstruction efficiency after this correction as a function of (c) η and (d)
transverse momentum, pT as predicted by pythia 8 a2 and single-particle simulation. The statistical uncertainties
are shown as black vertical bars, the total uncertainties as green shaded areas.
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•  Evaluated	  from	  Data	  
•  Dependence	  on	  kinema;c	  quan;;es	  studied:	  	  

•  negligible	  pT-‐dependence	  
•  visible	  nsel-‐dependence	  
•  negligible	  systema;c	  uncertain;es	  

Vertex e�ciency
I

Vertex e�ciency is the ratio between the number of triggered events with
one reconstructed vertex and all triggered events

‘
vtx

(n
sel

no≠z ) =
N(MBTS1 triggered fl n

vtx

= 1)

N(MBTS1 triggered)

I E�ciency for the first nno-z

sel

bin depends on �z
tracks

auxiliary material for the paper
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Trigger e�ciency

I
Trigger e�ciency is evaluated in the same way as for the baseline analysis
but using low p

T

tracks

‘
trig
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N(MBTS1 triggered fl sptrk triggered)

N(sptrk triggered)

I Is measured as a function of the number of selected tracks (without z
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evaluated	  by	  using	  a	  
control	  trigger	  and	  
the	  MBTS	  trigger	  
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Background	  contribu;ons	  to	  the	  tracks	  from	  primary	  
par;cles	  include:	  	  
	  

•  Strange	  baryons	  
	  

•  Secondary	  par;cles	  
	  

•  Fake	  tracks	  	  
Negligible	  in	  the	  500	  MeV	  phase	  space	  

Non-‐negligible	  in	  the	  100	  MeV	  phase	  space,	  	  
treated	  as	  part	  of	  the	  background	  

Measured	  in	  data	  by	  performing	  a	  fit	  to	  the	  
transverse	  impact	  parameter	  distribu;on	  

Next	  slide!	  



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

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

products	  are	  treated	  like	  secondary	  par;cles	  	  
	  

•  Low	  reconstruc=on	  efficiency	  (<0.1%)	  and	  
large	  varia=ons	  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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•  Nominal	  Phase	  Space	  (pT	  >	  500	  MeV,	  |η|<	  2.5)	  

V.	  Cairo	   16	  

dNch/dη	   d2Nev/dηdpT	  

Some	  Models/Tunes	  give	  remarkably	  good	  predic=ons	  (EPOS,	  Pythia	  8)	  

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	  )	  

V.	  Cairo	   17	  

dNch/dη	   d2Nev/dηdpT	   dNev/dnch	   <pT>	  VS	  nch	  

EPOS	  gives	  the	  best	  predic=on!	  
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	  
generators,	  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	  
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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	  predic=on!	  

•  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	  

March	  29th,	  2018	  
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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!	  

•  From	  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	  

March	  29th,	  2018	  
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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	  
Pythia	  8	  and	  EPOS	  at	  
low	  pT,	  but	  large	  

devia;on	  at	  high	  pT	  	  

All	  models	  overes;mate	  
data	  at	  |η|	  >	  1.7	  but	  be\er	  
descrip;on	  in	  the	  central	  

region	  

Fair	  predic;on	  by	  
Pythia	  8	  and	  EPOS	  at	  
low	  pT,	  but	  large	  

devia;on	  at	  high	  pT	  	  
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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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•  Mean	  number	  of	  primary	  charged	  par=cles	  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	  predic=ons	  for	  this	  observable	  is	  given	  by	  
EPOS	  followed	  by	  Pythia	  8	  A2	  and	  Monash!	  

March	  29th,	  2018	  
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13	  TeV	  MinBias	  results	  already	  used	  for	  a	  new	  Pythia	  8	  Tune:	  Pythia	  8	  –	  A3	  (ATL-‐PHYS-‐PUB-‐2016-‐017)	  

March	  29th,	  2018	  
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p
s Measurement type Rivet name

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	  aFer	  the	  tuning	  
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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.

9

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

�5

10

�4

10

�3

10

�2

10

�1

Charged multiplicity � 1, track p? > 500MeV

1
/�

d
�
/d

N
ch

5 10 15 20 25 30 35 40 45

0.6

0.8

1

1.2

1.4

Nch
M
C
/
D
a
t
a

ATLAS Data

A2

Monash

A3

ATLAS Simulationp
s = 2.36 TeV

10

�2

10

�1

Charged multiplicity � 1, track p? > 500MeV

1
/�

d
�
/d

N
ch

5 10 15 20 25 30

0.6

0.8

1

1.2

1.4

Nch

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

Charged multiplicity � 1, track p? > 500MeV

1
/�

d
�
/d

N
ch

20 40 60 80 100 120

0.6

0.8

1

1.2

1.4

Nch

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

Charged multiplicity � 1, track p? > 500MeV, |⌘| < 2.5

1
/�

d
�
/d

N
ch

20 40 60 80 100 120

0.6

0.8

1

1.2

1.4

Nch

M
C
/
D
a
t
a

ATLAS Data

A2

Monash

A3

ATLAS Simulationp
s = 13 TeV

10

�7

10

�6

10

�5

10

�4

10

�3

10

�2

10

�1

Charged multiplicity � 1, p? > 500MeV, |⌘| < 2.5, ⌧ > 300 ps

1
/�

d
�
/d

N
ch

20 40 60 80 100 120 140

0.6

0.8

1

1.2

1.4

Nch

M
C
/
D
a
t
a

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 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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13	  TeV,	  <pT>	  vs	  mul;plicity	  

13	  TeV,	  pT	  13	  TeV,	  Nch	  13	  TeV,	  η	  
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Underlying	   Event:	   ac=vity	   accompanying	   any	   hard	   scapering	   in	   a	  
collision	  event:	  	  
•  Partons	   not	   par;cipa;ng	   in	   a	   hard-‐sca\ering	   process	   (beam	  

remnants)	  
•  mul;ple	  parton	  interac;ons	  (MPI)	  
•  Ini;al	  and	  final	  state	  gluon	  radia;on	  (ISR,	  FSR)	  
	  
•  Leading	  object	  can	  be	  defined	  variously:	  	  

•  Leading	  jet	  ,	  Z	  (pT),	  Leading	  track	  in	  Minimum	  Bias	  like	  events	  	  
	  

sensi;ve	  to	  the	  underlying	  event	  

close	  to	  leading	  object	  

recoil	  of	  the	  leading	  object	  	  

Generator Version Tune PDF Focus From

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

•  13	  TeV	  analysis	  based	  on	  leading	  track:	  	  
•  Same	   dataset	   and	   same	   event	   and	   track	   selec=on	   as	   the	  MinBias	   analysis	  with	   an	   addi;onal	  

request:	  leading	  track	  with	  a	  pT	  of	  at	  least	  1	  GeV	  
•  Monte	  Carlo	  Generators:	  

	  
•  Data-‐driven	  correc=on	  to	  the	  tracking	  efficiency	  applied	  also	  here,	  as	  well	  as	  strange	  baryons	  and	  

secondaries	  treatment	  
•  Results	  presented	  at	  par;cle	  level	  (azimuthal	  re-‐orienta;on	  of	  the	  event	  was	  also	  corrected	  for)	  
•  The	  tracking	  efficiency	  uncertainty	  is	  about	  2%	  or	  less,	  mainly	  arising	  from	  the	  imperfect	  material	  

descrip;on	  in	  the	  ID	  

�����
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�
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�
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�

Leading	  object	  
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Leading	  charged	  par;cle	  pT	  described	  by	  Pythia	  8	  A14/Monash	  and	  Epos	  LHC	  within	  
15%	  uncertainty	  
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•  Overall	  reasonable	  agreement,	  but	  Min	  Bias	  tunes	  do	  be\er	  at	   lower	  pTlead,	  while	  UE	  tunes	  
work	  be\er	  at	  higher	  momenta	  	  

•  More	   visible	   shape	   as	   a	   func;on	   of	   Δϕ	   at	   high	   pTlead,	   evolu;on	   of	   event	   shape	   as	   a	   hard	  
sca\ering	  component	  develops	  

From	  
MB	  
to	  HS	  
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•  Not	  strongly	  dis;nguished	  regions	  in	  the	  rapid	  rise	  up	  to	  ~	  pTlead	  =	  5	  GeV	  	  
•  Ini;al	  rise	  to	  a	  roughly	  stable	  value	  of	  ∼1	  charged	  par;cle	  or	  ∼1GeV	  per	  unit	  η–φ	  area	  is	  

known	  as	  the	  “pedestal	  effect”	  à	  reduc;on	  of	  the	  pp	  impact	  parameter	  with	  increasing	  	  
pTlead	  hence	  the	  transi;on	  between	  MB	  and	  HS.	  	  

•  Plateau	  for	  the	  transverse	  region	  at	  ~	  pTlead	  =	  5	  GeV,	  increasing	  ac=vity	  for	  towards	  and	  
cross-‐over	  for	  away	  in	  Nch	  

Nch	   ΣpT	  
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•  Trans-‐min	  sensi;ve	  to	  MPI	  effects,	  trans-‐max	  includes	  both	  MPI	  and	  hard-‐process,	  trans-‐diff	  
clearest	  measure	  of	  hard	  process	  contamina;ons	  

•  No	  obvious	  best	  model	  for	  all	  observables!	  
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~10%	  overshoot	  by	  
all	  models	  other	  

than	  EPOS	  

All	  but	  EPOS	  generator’	  
predic;ons	  within	  a	  few	  

percent	  

Good	  predic;ons	  of	  
the	  plateau	  by	  Monash	  

and	  Herwig	  7	  
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•  Trans-‐min	  sensi;ve	  to	  MPI	  effects,	  trans-‐max	  includes	  both	  MPI	  and	  hard-‐process,	  trans-‐diff	  
clearest	  measure	  of	  hard	  process	  contamina;ons	  

•  No	  obvious	  best	  model	  for	  all	  observables!	  

Large	  spread	  of	  
performances	  

Pythia	  8	  A14	  undershoots	  
the	  data	  by	  ~10	  %,	  EPOS	  

by	  ~	  20%	  	  

Good	  predic;ons	  of	  the	  
plateau	  by	  Herwig	  7	  
followed	  by	  Monash	  
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<mean	  pT>	  vs	  Nch	  

transverse	   trans-‐min	   trans-‐max	  

Up	  to	  ~	  5%	  underes;ma;on	  for	  Nch	  <	  15	  and	  overes;ma;on	  for	  Nch	  >	  25,	  	  
very	  good	  overall	  predic;ons	  by	  EPOS	  

•  It	  illustrates	  the	  balance	  in	  UE	  physics	  between	  the	︎  pT	  and	  mul;plicity	  observables	  à	  
affected	  by	  colour-‐reconnec;on	  and	  colour-‐disrup;on	  mechanisms	  	  

•  <mean	  pT>	  vs	  Nch	  :	  correla;on	  between	  two	  soF	  proper;es	  
•  <mean	  pT>	  vs	  pTlead	  is	  in	  the	  extra	  slides	  
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About	  20%	  increase	  in	  the	  UE	  ac=vity	  when	  going	  from	  7	  to	  13	  TeV	  pp	  collisions	  
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ATLAS:	  good	  benchmark	  to	  study	  soB	  QCD,	  fundamental	  studies	  for	  tuning	  of	  the	  soF	  part	  of	  
Monte	  Carlo	  simula;on	  
	  
	  
•  Minimum	  Bias	  Studies:	  

•  Charged	  Par;cle	  Mul;plici;es	  @	  13	  TeV	  
•  Nominal	  Phase	  Space,	  	  pT	  >	  500	  MeV,	  |η|	  <	  2.5	  	  
•  Extended	  phase	  space,	  pT	  >	  100	  MeV,	  |η|	  <	  2.5	  
•  Reduced	  phase	  space,	  	  pT	  >	  500	  MeV,	  |η|	  <	  0.8	  

•  The	  models	  have	  given	  solid	  predic=ons	  for	  the	  latest	  centre	  of	  mass	  energy,	  results	  
already	  used	  in	  a	  new	  Pythia	  8	  tune,	  A3,	  applied	  in	  ATLAS	  for	  pile-‐up	  simula;on	  	  

	  
	  

•  Underlying	  Event	  Studies:	  
•  Track-‐based	  Underlying	  Event	  @	  13	  TeV	  	  
•  The	  current	  models	  in	  use	  for	  UE	  modelling	  typically	  describe	  data	  to	  5%	  accuracy,	  

compared	  with	  data	  uncertain=es	  of	  less	  than	  1%,	  systema;c	  mismodelling	  s;ll	  
visible	  
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Valentina Cairo 
State	  University	  of	  New	  York	  at	  Albany	  

F. Cairo, From Conn(ll)ecting the dots
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ATLAS 
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ATLAS 
Phase 1

ATLAS 
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new pixel inner layer, 
detector consolidation

improve level 1 trigger capabilities  
to cope with higher rates

prepare for 200 pile-up events, 
replace inner tracker, 

new level 0/1 trigger scheme, 
upgrade muon calorimeter electronics
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Now	  

Higgs-‐Boson	  
discovery	  

IBL	  installed	  in	  
the	  ATAS	  Inner	  

Detector	  

~80	  s-‐1	  of	  13	  TeV	  data	  
being	  exploited	  and	  much	  
more	  to	  come	  before	  LS2	  

Early	  Standard	  
Model	  

Measurements	  
released	  

4.6	  s-‐1	  of	  7	  
TeV	  data	  and	  
20.2s-‐1	  of	  8	  
TeV	  data	  s=ll	  
being	  analysed	  
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Partonic	  content	  is	  
energy	  dependent,	  

con;nuously	  
changing	  and,	  a	  
priori,	  unknown	  
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Hard	  QCD	  events	  cons;tute	  only	  a	  ;ny	  
frac;on	  of	  the	  total	  cross-‐sec=on,	  which	  is	  

then	  dominated	  by	  soB	  events	  	  
(peripheral	  processes).	  	  

In	  fact,	  the	  total	  produc;on	  	  
cross-‐sec;on	  is	  orders	  of	  magnitude	  larger	  
than	  very	  abundant	  hard	  QCD	  processes	  

such	  as	  the	  produc;on	  of	  b-‐quarks	  

probability	  that	  a	  pair	  of	  
hadrons	  undergoes	  an	  

interac;on	  
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•  While	  hard	  QCD	  processes	  can	  be	  studied	  by	  means	  
of	  perturba;ve	  approaches,	  this	  is	  not	  possible	  for	  
the	  soF	  QCD	  events	  	  

•  The	  development	  of	  specialised	  soFware	  libraries	  
based	  on	  Monte	  Carlo	  Methods,	  Monte	  Carlo	  (MC)	  
event	  generators,	  to	  describe	  phenomenologically	  
par;cle	  interac;ons	  began	  shortly	  aFer	  the	  
discovery	  of	  the	  partonic	  structure	  of	  hadrons	  and	  
the	  formalisa;on	  of	  QCD	  as	  the	  theory	  of	  strong	  
interac;ons	  

•  Models	  have	  to	  be	  developed	  with	  a	  set	  of	  tunable	  parameters	  to	  describe	  the	  hadron-‐level	  
proper;es	  of	  final	  states	  dominated	  by	  soF	  QCD	  

•  Inclusive	  charged-‐par=cle	  and	  underlying	  event	  measurements	  in	  pp	  collisions	  are	  the	  ideal	  
test	  bed	  to	  provide	  insight	  into	  the	  strong	  interac;on	  in	  the	  low	  energy,	  non-‐perturba;ve	  
QCD	  region:	  
•  Crucial	  for	  the	  tuning	  of	  the	  Monte	  Carlo	  event	  generator	  
•  Essen=al	  to	  understand	  and	  correctly	  simulate	  any	  other	  more	  complex	  phenomena	  
•  Ideal	  to	  study	  tracking	  performance	  in	  the	  “early”	  stage	  of	  a	  new	  data	  taking…	  
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Figure 5: The average primary charged-particle multiplicity in pp interactions per unit of pseudorapidity ⌘ for
|⌘ | < 0.2 as a function of the centre-of-mass energy

p
s. The values for the other pp centre-of-mass energies are

taken from previous ATLAS analyses [1, 2]. The value for tracks with pT > 500 MeV for a
p

s = 13 TeV is taken
from Ref. [9]. Strange baryons are included as primary charged particles (⌧ > 30 ps). The data are shown as black
triangles with vertical errors bars representing the total uncertainty. They are compared to various MC predictions
which are shown as coloured lines.
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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	  
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•  The	   ATLAS	   detector	   is	   a	   mul;-‐purpose	   detector	   with	   a	   tracking	   system	   ideal	   for	   the	  
measurement	  of	  par;cles	  kinema;cs	  

•  AFer	   a	   3-‐year	   data	   taking	   phase	   (Run	   1,	   2010-‐2012)	   and	   a	   2-‐year	   shutdown	   (LS1,	  
2013-‐2014)	  for	  repairing	  and	  upgrade,	  the	  ATLAS	  Detector	  is	  again	  opera;onal	  at	  the	  LHC	  
Run	  2	  at	  √s=13TeV	  

•  Run	  2	  started	   in	  Spring	  2015	  à	  by	   the	  end	  of	  2016	  collected	  ~	  40	  �-‐1	  of	  data	   (about	  a	  
factor	  of	  2	  wrt	  Run	  1	  data,	  which	  allowed	  for	  the	  discovery	  of	  the	  Higgs	  Boson)	  
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•  Rate	  measured	  in	  data	  by	  performing	  a	  fit	  to	  the	  transverse	  impact	  parameter	  distribu;on	  
•  More	  detailed	  evalua=on	  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	  March	  29th,	  2018	  
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•  Trigger	  and	  Vertex	  efficiency:	  event-‐wise	  correc;on	  

	  
•  Tracking	  efficiency:	  track-‐wise	  correc;on	  

•  Bayesian	  unfolding	  to	  correct	  both	  the	  mul;plicity	  nch	  and	  pT	  

•  Addi;onal	  correc;on	  for	  events	  out	  of	  kinema;c	  range	  e.g.	  events	  with	  
≥1	  par;cles	  but	  <	  1	  track	  

•  Mean	  pT	  vs	  nch	  bin-‐by-‐bin	  correc;on	  of	  average	  pT,	  then	  nch	  migra;on	  
	  

secondary	  tracks	  

strange	  baryons	  

outside	  kinema;c	  range	  
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Systema=c	  	  
Uncertainty	   Distribu=on	   Size	  

(√s=13	  TeV,	  pT>500	  MeV)	  
Size	  

(√s=13	  TeV,	  pT>100	  MeV)	  

Track	  Reconstruc=on	  
Efficiency	  

η	   0.5%	  -‐	  1.4%	   1	  –	  7%	  

pT	   0.7%	   1	  –	  6%	  

Non-‐primaries	  
η	   0.5%	   0.5%	  

pT	   0.5%	  -‐	  0.9%	   0.5%	  -‐1	  %	  

Non-‐closure	  
η	   0.7%	   0.4-‐1%	  

pT	   0%	  -‐	  2%	   1%	  -‐3%	  

•  Zooming-‐in	  on	  some	  of	  the	  systema;c	  uncertain;es	  at	  13	  TeV	  (full	  list	  in	  the	  extra	  slides)	  

•  Main	  systema=c	  uncertainty	  on	  the	  final	  measurement	  due	  to	  the	  uncertainty	  on	  the	  
track	  reconstruc=on	  efficiency	  

	  
•  Smaller	  systema=cs	  in	  the	  nominal	  phase	  space	  than	  in	  the	  extended	  one	  thanks	  to	  

the	  data-‐driven	  correc=on	  applied	  to	  the	  tracking	  efficiency	  
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transverse	   trans-‐min	   trans-‐max	  

Best	  predic;ons	  given	  by	  Herwig	  7	  except	  in	  the	  low	  pTlead	  (min	  bias)	  region	  where	  the	  
Herwig	  model	  is	  not	  expected	  to	  work	  	  

	  

<mean	  pT>	  vs	  pTlead	  

•  It	  illustrates	  the	  balance	  in	  UE	  physics	  between	  the	︎  pT	  and	  mul;plicity	  observables	  à	  
affected	  by	  colour-‐reconnec;on	  or	  -‐disrup;on	  mechanisms	  	  

•  <mean	  pT>	  increases	  with	  pTlead	  (in	  fact	  ΣpT	  does	  not	  reach	  as	  flat	  a	  plateau	  as	  does	  Nch)	  
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The	  tracks	  corresponding	  to	  the	  leptons	  forming	  the	  
Z-‐boson	  candidate	  are	  excluded.	  

•  Not	  perfect	  agreement	  between	  data	  and	  simula;on	  (old	  tunes)	  
•  For	  Z-‐boson,	  good	  descrip;on	  given	  by	  Sherpa,	  followed	  by	  PYTHIA	  8,	  ALPGEN	  and	  POWHEG	  
•  Mul;-‐leg	  and	  NLO	  generator	  predic;ons	  are	  closer	   to	   the	  data	   than	  most	  of	   the	  pure	  parton	  shower	  

generators	  -‐>	  these	  regions	  are	  affected	  by	  the	  addi;onal	  jets	  coming	  from	  the	  hard	  interac;on	  

h\p://arxiv.org/abs/1409.3433	  h\p://arxiv.org/abs/1406.0392	  

ΣpT	  for	  underlying	  events	  vs	  leading	  jet	  and	  Z	  pT:	  

Leading	  Jet	  	   Z-‐boson	  
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Track	  density	  and	  ΣpT	  for	  underlying	  events	  vs	  leading	  jet	  or	  leading	  track	  or	  Z	  pT:	  

h\p://arxiv.org/abs/1409.3433	  

•  Data	  are	  compa;ble	  between	  the	  different	  defini;ons	  
•  Transi;on	  between	  leading	  track	  and	  jet	  
•  In	  the	  track	  density	  distribu;on,	  Z-‐bosons	  and	  jets	  agree	  well	  at	  high	  pT	  
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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-‐diffrac=ve	  (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-‐diffrac=ve	  

(SD)	  and	  double-‐diffrac=ve	  (DD)	  dissocia;on)	  
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•  Tunes	  used	  in	  the	  latest	  measurements:	  
	  

•  A2	  (MSTW2008	  LO	  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	  (NNPDF2.3	  LO	  PDF)	  
•  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.	  	   h\ps://arxiv.org/pdf/1404.5630v1.pdf	  	  



•  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	  
pa\ern	  as	  seen	  in	  the	  main	  phase	  space:	  

Some	  Models/Tunes	  give	  remarkably	  good	  predic=ons	  (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	  

March	  29th,	  2018	  
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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	  (pT	  >	  500	  MeV,	  |η|<	  2.5)	  with	  strange	  baryons	  

V.	  Cairo	   50	  

dNch/dη	   d2Nev/dηdpT	   dNev/dnch	   <pT>	  VS	  nch	  
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Largest	  impact	  is	  on	  the	  pt	  
distribu;on	  



V.	  Cairo	   51	  March	  29th,	  2018	  

ALICE Data

PYTHIA 8 Monash

PYTHIA 8 A2

EPOS LHC

10−6

10−5

10−4

Ω− transverse momentum, |y| < 0.5,
√
s = 7 TeV (INEL)

1
/
N
ev

t
d2
N
/
dy

d
p ⊥

[(
G
eV

/
c)

−
1
]

1 1.5 2 2.5 3 3.5 4 4.5 5
0

0.2
0.4
0.6
0.8

1
1.2
1.4

p⊥ [GeV/c]

M
C
/
D
a
ta

ALICE Data

PYTHIA 8 Monash

PYTHIA 8 A2

EPOS LHC

10−5

10−4

10−3

Ξ− transverse momentum, |y| < 0.5,
√
s = 7 TeV (INEL)

1
/
N
ev

t
d2
N
/
dy

d
p ⊥

[(
G
eV

/
c)

−
1
]

1 2 3 4 5 6 7 8
0

0.2
0.4
0.6
0.8

1
1.2
1.4

p⊥ [GeV/c]
M
C
/
D
a
ta

The	  rate	  of	  strange	  baryons	  (a)	  Ω-‐	  and	  (b)	  Ξ-‐	  as	  a	  func;on	  of	  their	  transverse	  momentum,	  pT.	  The	  data	  points	  correspond	  to	  
the	  ALICE	  measurement	  Phys.	  Le\.	  B712	  (2012)	  309-‐-‐318,	  and	  are	  compared	  to	  various	  Monte	  Carlo	  models.	  The	  plots	  are	  
made	  with	  Rivet	  [Comput.	  Phys.	  Commun.	  184	  (2013)	  2803].	  
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These	  methods	  allowed	  to	  improve	  the	  IBL	  descrip=on	  in	  simula=on	  	  
•  30%	  of	  material	  was	  missing	  in	  the	  “default	  geometry”	  

March	  29th,	  2018	  

Inelas;c	   hadronic	   interac=ons	   produce	  
mul;ple	   charged	   par;cles	   when	   hadrons	  
interact	  with	  the	  detector	  material.	  
	  

Excellent	   radial	   resolu=on	   (between	  65	  and	  
230	   µm	   from	   the	   beam	   pipe	   to	   Layer-‐1	  
depending	  on	  radius).	  

Probability	   for	   a	   photon	   conversion	   (very	   clean	  
signal)	  is	  propor;onal	  to	  the	  traversed	  material.	  
	  
	  

High	   sta=s=cs	   source	   of	   photon	   conversions	  
from	   di-‐photon	   decays	   of	   light	   neutral	   mesons	  
copiously	  produced	  	  in	  pp	  collisions	  
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•  ︎In	  the	  500	  MeV	  phase	  space,	  the	  fakes	  are	  neglected	  because	  they	  
drop	   rapidly	  with	  pT	   such	   that	   the	   rate	   is	   negligible	   in	   that	  phase	  
space	  

	  
•  In	  the	  100	  MeV	  case,	   fakes	  are	  treated	  as	  part	  of	  the	  background	  
with	  a	  50%	  systema;c	  uncertainty	   following	   the	   recommenda;on	  
of	  Inner	  Detector	  Combined	  Performance	  group	  

March	  29th,	  2018	  
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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	  

March	  29th,	  2018	  
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•  Nominal	  Phase	  Space	  (500	  MeV)	  
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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	  

March	  29th,	  2018	  



•  Trigger	  and	  Vertex	  efficiency:	  event-‐wise	  correc;on	  

	  
•  Tracking	  efficiency:	  track-‐wise	  correc;on	  

•  Bayesian	  unfolding	  to	  correct	  both	  the	  mul;plicity	  nch	  and	  pT	  

•  Addi;onal	  correc;on	  for	  events	  out	  of	  kinema;c	  range	  e.g.	  events	  with	  
≥1	  par;cles	  but	  <	  1	  track	  

•  Mean	  pT	  vs	  nch	  bin-‐by-‐bin	  correc;on	  of	  average	  pT,	  then	  nch	  migra;on	  
	  

March	  29th,	  2018	   V.	  Cairo	   56	  

non-‐primary	  tracks	  

strange	  baryons	  

outside	  kinema;c	  range	   fake	  tracks	  



March	  29th,	  2018	   V.	  Cairo	   57	  

•  All	  Pixel	  hit	  requirements	  and	  all	  SCT	  hit	  requirements	  removed	  for	  the	  N-‐1	  test	  

•  Large	  differences	  are	  observed	  at	  high	  pT	  for	  the	  efficiency	  of	  both	  cuts,	  this	  is	  the	  result	  of	  a	  
high	  frac;on	  of	  poorly	  measured	  tracks	  entering	  the	  denominator	  when	  loosening	  the	  cuts	  

0.5%	  	  
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•  Badly	   measured	   low	   momentum	   charged	   par;cles	   are	  
some;mes	  reconstructed	  as	  a	  high	  momentum	  track	  

•  These	   tracks	   are	   a	   sizeable	   frac;on	   at	   high	   reconstructed	   pT	  
because	   of	   the	   steeply	   falling	   pT	   distribu;on	   and	   they	   are	  
caused	   by	   interac;ons	   and	   mul;ple	   sca\ering	   with	   the	  
material	  -‐>	  usually	  have	  a	  bad	  χ2	  fit	  probability	  

•  A	  cut	  on	  χ2	  probability	  of	  P( ︎χ2,	  ndof)	   ︎	  >	  0.01	  is	  applied	  for	  tracks	  
with	  pT	  >	  10	  GeV	  to	  remove	  bad	  measured	  tracks	  

•  The	   uncertainty	   on	   the	   remaining	   amount	   of	   mis-‐measured	  
tracks	   has	   been	   determined	   to	   be	   less	   than	   0.2%	   at	   10	   GeV	  
rising	  up	  to	  7%	  above	  above	  50	  GeV	  

•  The	  uncertainty	  in	  the	  efficiency	  of	  the	  cut	  is	  assessed	  to	  be	  to	  
0.5%	  below	  50	  GeV	  and	  5%	  above	  50	  GeV	  	  
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h\p://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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h\p://arxiv.org/pdf/1012.5104v2.pdf	  

•  Large	  disagreement	  at	  low	  pT	  and	  high	  pT	  	  

d2Nev/dηdpT	  
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h\p://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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h\p://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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•  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	  
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h\p://arxiv.org/pdf/1012.5104v2.pdf	  <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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Trigger e�ciency

I
Trigger e�ciency is evaluated in the same way as for the baseline analysis
but using low p

T

tracks

‘
trig

(n
sel

no≠z ) =
N(MBTS1 triggered fl sptrk triggered)

N(sptrk triggered)

I Is measured as a function of the number of selected tracks (without z
0

cut
applied)
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Figure 2: (a) Trigger efficiency with respect to the event selection, as a function of the number of reconstructed
tracks without the zBL0 · sin θ constraint (n

no−z
sel ). (b) Data-driven correction to the track reconstruction efficiency as a

function of pseudorapidity, η. The track reconstruction efficiency after this correction as a function of (c) η and (d)
transverse momentum, pT as predicted by pythia 8 a2 and single-particle simulation. The statistical uncertainties
are shown as black vertical bars, the total uncertainties as green shaded areas.

9

500	  MeV	   100	  MeV	  

•  Trigger	  efficiency	  is	  evaluated	  by	  using	  a	  control	  trigger	  and	  the	  MBTS	  
trigger:	  

Systema;c	  uncertainty:	  
•  ︎varia;on	  of	  the	  track	  selec;on;	  differences	  between	  MBTS	  A	  and	  C	  side	︎  ;	  non-‐collision	  beam	  background	  
•  MC	  based:	  events	  failing	  both	  triggers	  
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Vertex e�ciency
I

Vertex e�ciency is the ratio between the number of triggered events with
one reconstructed vertex and all triggered events

‘
vtx

(n
sel

no≠z ) =
N(MBTS1 triggered fl n

vtx

= 1)

N(MBTS1 triggered)

I E�ciency for the first nno-z

sel

bin depends on �z
tracks
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Efficiency	  for	  the	  first	  nselno-‐z	  bin	  depends	  on	  eta	  of	  the	  track	  

Systema;c	  uncertainty:	  	  
•  non-‐collision	  beam	  background	  which	  is	  strongly	  reduced	  by	  the	  vertex	  requirement	  
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Vertex e�ciency
I

Vertex e�ciency is the ratio between the number of triggered events with
one reconstructed vertex and all triggered events

‘
vtx

(n
sel

no≠z ) =
N(MBTS1 triggered fl n

vtx

= 1)

N(MBTS1 triggered)

I E�ciency for the first nno-z

sel

bin depends on �z
tracks

auxiliary material for the paper
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Efficiency	  for	  the	  first	  nselno-‐z	  bin	  depends	  on	  ∆z	  between	  the	  tracks	  

Systema;c	  uncertainty:	  	  
•  non-‐collision	  beam	  background	  which	  is	  strongly	  reduced	  by	  the	  vertex	  requirement	  
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DRAFT

one event), both versus the number of primary charged particles. After applying the corrections using the221

event and track weights and the unfolding, the ratio of the two distributions is calculated.222

Table 1: Summary of the systematic uncertainties on the ⌘, pT, nch and hpTi vs. nch observables. The uncertainties
are given at both edges of the phase-space. The track background uncertainties include all uncertainties coming
from either secondaries, fakes or tracks which enter the kinematic range.

Distribution | 1
Nev
· dNch

d⌘ | 1
Nev
· 1

2⇡pT
· d2Nch

d⌘dpT
1
Nev
· dNev

dnch
hpTi vs. nch

Range 0 – 2.5 0.1 – 50 GeV 2 – 250 0 – 160 GeV

Track reconstruction 1 – 7% 1% – 6% 0% – +38%
�20% 0% – 0.7%

Track background 0.5% 0.5% – 1% 0% – +7%
�1% 0% – 0.1%

pT spectrum – – 0% – +3%
�9% 0% – +0.3%

�0.1%
Non-closure 0.4% – 1% 1% – 3% 0% – 4% 0.5% – 2%

A summary of all systematic uncertainties is given in Table 1 for all observables. The dominant uncertainty223

is due to material e�ects on the track reconstruction e�ciency. Uncertainties due to imperfect detector224

alignment are taken into account and are less than 5% at the highest track pT values. In addition, resolution225

e�ects on the transverse momentum can result in low transverse momentum particles being reconstructed226

as high-pT tracks. The track background uncertainty is dominated by systematic e�ects on the estimation227

of the tracks of secondary particles. The track reconstruction e�ciency determined in simulation can228

di�er from the one in data if the pT spectrum is di�erent for data and simulation, as the e�ciency depends229

strongly on the track pT. This e�ect can alter the number of primary charged particles and is taken into230

account as a systematic uncertainty. ������ 8 �2 and ���� simulations are used to check the unfolding231

procedure. Significant di�erences between generated and unfolded distributions are treated as systematic232

uncertainties. For this, all combinations of these MC generators are used to simulate the distribution and233

the input to the unfolding.234

4 Results235

The measured charged-particle multiplicities in events containing at least two charged particles with236

pT > 100 MeV and |⌘ | < 2.5 are shown in Figure 4. The corrected data are compared to predictions from237

various generators. In general, the systematic uncertainties dominate the error.238

Figure 4(a) shows the charged-particle multiplicity as a function of the pseudorapidity ⌘. ������ 8 ������,239

���� and ������-�� show a good description for |⌘ | < 1.5. The prediction from ������ 8 �2 has the same240

shape as the other generators, but lies below the data.241

The charged-particle transverse momentum is shown in Figure 4(b). ���� describes the data well for242

pT > 300 MeV. For pT < 300 MeV, the data are underestimated by up to 15%. The other generators243

show similar mis-modelling at low momentum but with larger discrepancies up to 35% for ������-��. In244

addition, they mostly overestimate the charged-particle multiplicity for pT > 400 MeV where ������ 8 �2245

overestimates only in the intermediate pT region and underestimates the data slightly for pT > 800 MeV.246

Figure 4(c) shows the charged-particle multiplicity. Overall the form of the measured distribution is247

reproduced reasonably by all models. ������ 8 �2 describes the data well for 30 < nch < 80, but248

underestimates it for higher nch. For 30 < nch < 80, ������ 8 ������, ���� and ������-�� underestimate249

15th April 2016 – 12:27 9

Table 2: Summary of systematic uncertainties on the η, pT and nch distributions.
Source Distribution Range of values
Track reconstruction efficiency η 0.5% – 1.4%

pT 0.7%
nch 0% – +17%−14%

Non-primaries η 0.5%
pT 0.5% – 0.9%
nch 0% – +10%−8%

Non-closure η 0.7%
pT 0% – 2%
nch 0% – 4%

pT-bias pT 0% – 5%
High-pT pT 0% – 1%

Systematic uncertainties in the track reconstruction efficiency, discussed in Section 6, and the fraction
of tracks from non-primary particles, discussed in Section 5, give rise to an uncertainty in wtrk(pT, η),
directly affecting the η and pT distributions. For the nch distribution, where the track weights are not
explicitly applied, the effects from uncertainties in these sources are found by modifying the distribution
of selected tracks in data. In each multiplicity interval tracks are randomly removed or added with prob-
abilities dependent on the uncertainties in the track weights of tracks populating that bin. This modified
distribution is then unfolded and the deviation from the nominal nch distribution is taken as a system-
atic uncertainty. An uncertainty from the fact that the correction procedure, when applied to simulated
events, does not reproduce exactly the distribution from generated particles (non-closure) is included in all
measurements. An additional systematic uncertainty in the measured pT distribution arises from possible
biases and degradation in the pT measurement. This is quantified by comparing the track hit residuals
in data and simulation. The effectiveness of the track-fit χ2 probability selection in suppressing tracks
reconstructed with high momentum but originating from low momentum particles was also considered;
it was found that the fraction of these tracks remaining was consistent with predictions from simulation.
An uncertainty due to the statistical precision of the check is included for the pT distribution. Uncertainty
sources that also affect Nev partially cancel in the final distributions. A summary of the main systematic
uncertainties affecting the η, pT and nch distributions is given in Table 2.

Uncertainties in the ⟨pT⟩ vs. nch measurement are found in the same way as those in the nch distribution.
The dominant uncertainty is from non-closure which varies from ±2% at low nch to ±0.5% at high nch.
All other uncertainites largely cancel in the ratio and are negligible. At high nch the total uncertainty is
dominated by the statistical uncertainty.

8. Results

The corrected distributions for primary charged particles in events with nch ≥ 1 in the kinematic range
pT > 500 MeV and |η| < 2.5 are shown in Figure 3. In most regions of all distributions the dominant
uncertainty comes from the track reconstruction efficiency. The results are compared to predictions of
models tuned to a wide range of measurements. The measured distributions are presented as inclusive

12

500	  MeV	  

100	  MeV	  
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Table 1: Summary of MC tunes used to compare to the corrected data. The generator and its version are given in
the first two columns, the tune name and the PDF used are given in the next two columns.

Generator Version Tune PDF
pythia 8 8.185 a2 mstw2008lo [21]
pythia 8 8.186 monash nnpdf2.3lo [22]
epos LHCv3400 lhc N/A
qgsjet-ii II-04 default N/A

In pythia 8 inclusive hadron–hadron interactions are described by a model that splits the total inelastic
cross section into non-diffractive (ND) processes, dominated by t-channel gluon exchange, and diffractive
processes involving a colour-singlet exchange. The simulation of ND processes includes multiple parton–
parton interactions (MPI). The diffractive processes are further divided into single-diffractive dissociation
(SD), where one of the initial protons remains intact and the other is diffractively excited and dissociates,
and double-diffractive dissociation (DD) where both protons dissociate. The sample contains approx-
imately 22% SD and 12% DD processes. Such events tend to have large gaps in particle production at
central rapidity. A pomeron-based approach is used to describe these events [15].

epos provides an implementation of a parton-based Gribov–Regge [16] theory, which is an effective QCD-
inspired field theory describing hard and soft scattering simultaneously.

qgsjet-ii provides a phenomenological treatment of hadronic and nuclear interactions in the Reggeon
field theory framework [17]. The soft and semi-hard parton processes are included in the model within
the “semi-hard pomeron” approach. epos and qgsjet-ii calculations do not rely on the standard parton
distribution functions (PDFs) as used in generators such as pythia 8.

Different settings of model parameters optimised to reproduce existing experimental data are used in the
simulation. These settings are referred to as tunes. For pythia 8 two tunes are used, a2 [18] and mon-
ash [19]; for epos the lhc [20] tune is used. qgsjet-ii uses the default tune from the generator. Each tune
utilises 7 TeV minimum-bias data and is summarised in Table 1, together with the version of each gener-
ator used to produce the samples. The pythia 8 a2 sample, combined with a single-particle MC simulation
used to populate the high-pT region, is used to derive the detector corrections for these measurements.
All the events are processed through the ATLAS detector simulation program [23], which is based on
geant4 [24]. They are then reconstructed and analysed by the same program chain used for the data.

4. Data selection

The data were recorded during a period with a special configuration of the LHC with low beam currents
and reduced beam focusing, and thus giving a low expected mean number of interactions per bunch
crossing, ⟨µ⟩ = 0.005. Events were selected from colliding proton bunches using a trigger which required
one or more MBTS counters above threshold on either side of the detector.

Each event is required to contain a primary vertex, reconstructed from at least two tracks with a min-
imum pT of 100 MeV, as described in Ref. [25]. To reduce contamination from events with more than
one interaction in a bunch crossing, events with a second vertex containing four or more tracks are re-
moved. Events where the second vertex has fewer than four tracks are dominated by contributions where

4
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2. Monte Carlo Samples and Truth Association252

The ������ 8 [3], ������++ [4], EPOS [5] and QGSJET-II [6] event generators are used in this analysis.253

• In ������ 8 3, inclusive hadron-hadron interactions are described by a model that splits the254

total inelastic cross section into non-di�ractive and di�ractive processes. The non-di�ractive255

part is dominated by t-channel gluon exchange. Its simulation includes multiple parton-parton256

interactions (MPI). The di�ractive part involves a color-singlet exchange. It is further divided into257

single-di�ractive dissociation (SD) where one of the initial hadrons remains intact and the other is258

di�ractively excited and dissociates, and double-di�ractive dissociation (DD) where both hadrons259

dissociate. The sample contains ⇠22% SD and ⇠12% DD processes.260

To reproduce experimental data, the ATLAS minimum-bias tune A2 [7] is used, which is based on261

the MSTW2008LO PDF [8]. It provides a good description of minimum bias events and of the262

transverse energy flow data, a calorimeter-based minimum bias analysis performed with
p

s = 7263

TeV data [9].264

An alternative tune, Monash [10], is used for comparison. It uses updated fragmentation parameters265

compared to A2 and minimum-bias, Drell-Yan, and underlying-event data from the LHC to constrain266

ISR and MPI parameters. In addition, it uses SPS and Tevatron data to constrain the energy scaling.267

It uses the NNPDF2.3LO PDF [11]. This tune gives an excellent description of 7 TeV minimum268

bias pT spectrum.269

• In ������++ [4], inclusive hadron-hadron interactions are simulated by applying a MPI model for270

the non-di�ractive processes to events without hard scattering. It is therefore possible to generate an271

event with zero 2!2 partonic scatters, in which only beam remnants are produced without anything272

between them. These types of events look similar to double-di�ractive dissociation, even though273

������++ does not have any explicit model for di�ractive processes.274

The version 2.7.1 is used with a 7 TeV underlying event tune, UE-EE-5-CTEQ6 [12] with CTEQ6L1275

PDF [13] , which employs color reconnection and energy dependent MPI minimum pT cuto�. It276

provides simultaneously a good description of both the underlying event and the double parton277

scattering data by tuning the deep parton interaction (DPI) e�ective cross section.278

• EPOS stands for Energy conserving quantum mechanical approach, based on Partons, parton279

ladders, strings, O�-shell remnants, and Splitting of parton ladders. The latest version 3.4 is used,280

which is equivalent to 1.99 version with the so called LHC tune. It provides an implementation of a281

parton-based Gribov-Regge theory, which is an e�ective QCD-inspired field theory describing the282

hard and soft scattering simultaneously. Hence, the calculations do not rely on the standard parton283

distribution functions (PDFs) as used in generators like ������ 8 and ������++.284

• QGSJET-II o�ers a phenomenological treatment of hadronic and nuclear collisions at high energies,285

being developed in the Reggeon Field Theory framework. The soft and semi hard parton processes286

are included in the model within the “semi hard Pomeron” approach. Nonlinear interaction e�ects287

are treated by means of Pomeron Pomeron interaction diagrams.The latest model version comprises288

three important updates: treatment of all significant enhanced diagram contributions to the under-289

lying dynamics, including ones of Pomeron loops, re-calibration of the model with new LHC data,290

and improved treatment of charge exchange processes in pion-proton and pion-nucleus collisions.291
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2. Monte Carlo Samples and Truth Association252

The ������ 8 [3], ������++ [4], EPOS [5] and QGSJET-II [6] event generators are used in this analysis.253

• In ������ 8 3, inclusive hadron-hadron interactions are described by a model that splits the254

total inelastic cross section into non-di�ractive and di�ractive processes. The non-di�ractive255

part is dominated by t-channel gluon exchange. Its simulation includes multiple parton-parton256

interactions (MPI). The di�ractive part involves a color-singlet exchange. It is further divided into257

single-di�ractive dissociation (SD) where one of the initial hadrons remains intact and the other is258

di�ractively excited and dissociates, and double-di�ractive dissociation (DD) where both hadrons259

dissociate. The sample contains ⇠22% SD and ⇠12% DD processes.260

To reproduce experimental data, the ATLAS minimum-bias tune A2 [7] is used, which is based on261

the MSTW2008LO PDF [8]. It provides a good description of minimum bias events and of the262

transverse energy flow data, a calorimeter-based minimum bias analysis performed with
p

s = 7263

TeV data [9].264

An alternative tune, Monash [10], is used for comparison. It uses updated fragmentation parameters265

compared to A2 and minimum-bias, Drell-Yan, and underlying-event data from the LHC to constrain266

ISR and MPI parameters. In addition, it uses SPS and Tevatron data to constrain the energy scaling.267

It uses the NNPDF2.3LO PDF [11]. This tune gives an excellent description of 7 TeV minimum268

bias pT spectrum.269

• In ������++ [4], inclusive hadron-hadron interactions are simulated by applying a MPI model for270

the non-di�ractive processes to events without hard scattering. It is therefore possible to generate an271

event with zero 2!2 partonic scatters, in which only beam remnants are produced without anything272

between them. These types of events look similar to double-di�ractive dissociation, even though273

������++ does not have any explicit model for di�ractive processes.274

The version 2.7.1 is used with a 7 TeV underlying event tune, UE-EE-5-CTEQ6 [12] with CTEQ6L1275

PDF [13] , which employs color reconnection and energy dependent MPI minimum pT cuto�. It276

provides simultaneously a good description of both the underlying event and the double parton277

scattering data by tuning the deep parton interaction (DPI) e�ective cross section.278

• EPOS stands for Energy conserving quantum mechanical approach, based on Partons, parton279

ladders, strings, O�-shell remnants, and Splitting of parton ladders. The latest version 3.4 is used,280

which is equivalent to 1.99 version with the so called LHC tune. It provides an implementation of a281

parton-based Gribov-Regge theory, which is an e�ective QCD-inspired field theory describing the282

hard and soft scattering simultaneously. Hence, the calculations do not rely on the standard parton283

distribution functions (PDFs) as used in generators like ������ 8 and ������++.284

• QGSJET-II o�ers a phenomenological treatment of hadronic and nuclear collisions at high energies,285

being developed in the Reggeon Field Theory framework. The soft and semi hard parton processes286

are included in the model within the “semi hard Pomeron” approach. Nonlinear interaction e�ects287

are treated by means of Pomeron Pomeron interaction diagrams.The latest model version comprises288

three important updates: treatment of all significant enhanced diagram contributions to the under-289

lying dynamics, including ones of Pomeron loops, re-calibration of the model with new LHC data,290

and improved treatment of charge exchange processes in pion-proton and pion-nucleus collisions.291
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Systema=c	  uncertainty	  dominated	  by	  the	  lack	  of	  knowledge	  of	  the	  material	  distribu=on!	  
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DRAFT

6.3. Track reconstruction e�ciency240

The primary track reconstruction e�ciency, "trk, is determined from the simulation with a correction
applied to account for di↵erences between data and simulation in the amount of detector material between
the pixel and SCT detectors in the region |⌘ | > 1.5. The e�ciency is parametrised in two-dimensional
bins of pT and ⌘ and is defined as:

"trk(pT,⌘) =
Nmatched

rec (pT,⌘)
Ngen(pT,⌘)

,

where pT and ⌘ are generated particle properties, Nmatched
rec (pT,⌘) is the number of reconstructed tracks241

matched to a generated charged particle and Ngen(pT,⌘) is the number of generated charged particles in242

that bin. A track is matched to a generated particle if the weighted fraction of hits on the track origin-243

ating from that particle exceeds 50%. The hits are weighted according to their importance in the track244

reconstruction. The track reconstruction e�ciency depends on the amount of material in the detector, due245

to particle interactions that lead to e�ciency losses. The relatively large amount of material between the246

pixel and SCT detectors in the region |⌘ | > 1.5 has changed between Run 1 and Run 2 and comes in the247

form of complex structures that are di�cult to simulate accurately. The track reconstruction e�ciency in248

this region is therefore corrected using a method that compares the e�ciency to extend a track reconstruc-249

ted in the pixel detector into the SCT in data and simulation. Di↵erences in this extension e�ciency are250

sensitive to di↵erences in the amount of material in this region, which are then translated into a correction251

to the track reconstruction e�ciency. The correction together with the systematic uncertainty is shown in252

Figure 2(b). The uncertainty is 0.4% in the region |⌘ | > 1.5, coming predominantly from the uncertainty253

of the particle composition in the simulation used to make the measurement.254

The resulting reconstruction e�ciency as a function of ⌘ integrated over pT is shown in Figure 2(c).255

The track reconstruction e�ciency is lower in the region |⌘ | > 1 due to particles passing through more256

material in that region. The slight increase in e�ciency at |⌘ | ⇠ 2.2 is due to the particles passing through257

an increasing number of layers in the ID end-cap. Figure 2(d) shows the e�ciency as a function of pT258

integrated over ⌘.259

Systematic uncertainties on the part of the track reconstruction e�ciency derived from simulation result260

from the level of disagreement between data and simulation. A good description of the material in the261

detector in the regions not probed by the data-driven method described above is needed to obtain a good262

description of the track reconstruction e�ciency. The material within the ID was studied extensively263

during Run 1 [27], where it was constrained to within 5%. This gives rise to a systematic uncertainty264

on the track reconstruction e�ciency of 0.6% (1.2%) in the central (forward) region. Between Run 1265

and Run 2 the IBL was introduced, the simulation of which must therefore be studied with the Run 2266

data. Two data-driven methods are used: a study of secondary vertices from photon conversions (� !267

e+e�) and a study of secondary vertices from hadronic interactions, where the vertex mass and radii are268

measured. Comparisons between data and simulation indicate that the material in the IBL is constrained269

to within 10%. This leads to an uncertainty on the track reconstruction e�ciency of 0.1% (0.2%) in the270

central (forward) region. This uncertainty is added linearly with the uncertainty from contraints from271

Run 1, as it is assumed that it is more likely that material is missing in both cases. This uncertainty is272

combined quadratically with the uncertainty from the data-driven correction. The total uncertainty due to273

the knowledge of the detector material is 0.7% in the most central region and 1.5% in the most forward274

region.275
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Systema=c	  Uncertainty	   Size	  	  
(7	  TeV,	  similar	  in	  all	  phase	  spaces)	  

Track	  Selec=on	   1%	  

Material	   2%	  -‐	  15%	  

χ2	  probability	   10%	  (only	  for	  pT	  >	  10	  GeV)	  
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DL	  =	  Donnachie	  and	  
Landshoff	  (alterna=ve	  
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	  simula=on	  

	  
•  Reasonably	   good	   descrip=on	   of	   the	   ATLAS	   Run	   2	   charged	   par=cle	  

distribu=ons,	   but	   overes;ma;on	   of	   the	   fiducial	   inelas=c	   cross-‐sec=on	  
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	   be\er	  

describes	   the	  visible	   inelas=c	  cross-‐sec=on	  by	  s;ll	  giving	  good	  predic=ons	  of	   the	  
charged	  par=cle	  distribu=ons…	  
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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	   leF	   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	   diffrac=on	   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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p
s Measurement type Rivet name

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	  aFer	  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	  soF	  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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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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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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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	   par=cles	   mul=plicity	   predicted	   with	   a	   similar	   level	   of	   agreement	   by	   all	  
generators	  at	  all	  √s,	  except	  at	  0.9	  TeV	  
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Not	  very	  good	  predic;ons	  
given	  by	  A3	  at	  the	  lowest	  √s	  

A2	  describes	  the	  
mul;plicity	  be\er	  

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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•  Charged	  par=cles	  pT	  predicted	  similarly	  by	  A3	  and	  Monash	  
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Not	  very	  good	  predic;ons	  
given	  by	  A3	  at	  the	  lowest	  √s	  

A3	  describes	  the	  pT	  
spectrum	  be\er	  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),
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uncertainty.

11

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
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•  Charged	   par=cles	   <pT>	   vs	   mul=plicity:	   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	  	  
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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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•  Charged	   par=cles	   <pT>	   vs	   mul=plicity:	   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	  	  
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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	  distribu=ons	  at	  7	  TeV	  
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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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•  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	  soF-‐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	  soF-‐QCD	  tunes	  
•  An	  improved	  and	  more	  reliable	  simula;on	  of	  pile-‐up	  overlay	  can	  be	  obtained	  	  

Now	  moving	  to	  something	  else…	  


