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•  Inclusive	   charged-‐par2cle	   measurements	   in	   pp	   collisions	   provide	   insight	   into	   the	  
strong	  interac2on	  in	  the	  low	  energy,	  non-‐perturba2ve	  QCD	  region	  

•  Inelas2c	  pp	  collisions	  have	  different	  composi2ons	  

	  
	  
•  Main	  source	  of	  background	  when	  more	  than	  one	  interac2on	  per	  bunch	  crossing	  

•  Perturba2ve	  QCD	  can	  not	  be	  used	  for	  low	  transfer	  momentum	  interac2ons	  
•  ND	  described	  by	  QCD-‐inspired	  phenomenological	  models	  (tunable)	  
•  SD	  and	  DD	  hardly	  described	  and	  few	  measurements	  available	  

	  
Goal:	  	  

	  Measure	  spectra	  of	  primary	  charged	  parNcles	  corrected	  to	  hadron	  level	  
Inclusive	   measurement	   –	   do	   not	   apply	   model	   dependent	   correc2ons	   -‐>	   allow	  
theore2cians	  to	  tune	  their	  models	  to	  data	  measured	  in	  well	  defined	  kinema2c	  ranges	  	  
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Minimum	  Bias	  measurements	  in	  ATLAS:	  
•  0.9	  TeV	  (03/2010)	  	  

•  1	  phase	  space	  (1	  charged	  par2cle,	  500	  MeV,	  |η|<2.5)	  
•  0.9,	  2.36,	  7	  TeV	  (12/2010)	  

•  3	  phase	  spaces	  (1,	  2,	  6	  charged	  par2cles,	  100-‐500	  MeV,	  |η|<2.5)	  
•  0.9,	  7	  TeV	  (12/2010)	  

•  CONFNote	  –	  2	  phase	  spaces	  (1	  charged	  par2cle,	  500-‐1000	  MeV,	  |η|<0.8)	  
•  8	  TeV	  (03/2016)	  

•  5	  phase	  spaces	  (1,	  2,	  6,	  20,	  50	  charged	  par2cles,	  100-‐500	  MeV,	  |η|<2.5	  )	  
•  13	  TeV	  (02/2016)	  

•  2	  phase	  spaces	  (1	  charged	  par2cle,	  500	  MeV,	  |η|<2.5,	  0.8)	  
•  13	  TeV	  (06/2016)	  	  

•  1	  phase	  space	  (2	  charged	  par2cles,	  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	  magne2c	  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	   distribu2on	   in	   |η|<1.8	   is	  
reported	   for	   inelas2c	   events	   and	   for	   events	  
with	  at	  least	  one	  charged	  par2cle	  in	  |η|<	  	  1	  

	  
•  Transverse	  momentum	   distribu2on	   in	   0.15	   <	  

pT	  <	   	  20	  GeV/c	  and	  |η|<	   	  0.8	  for	  events	  with	  
at	  least	  one	  charged	  par2cle	  in	  |η|<	  	  1	  

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

results!	  
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•  The	   ATLAS	   detector	   is	   a	   mul2-‐purpose	   detector	   with	   a	   tracking	   system	   ideal	   for	   the	  
measurement	  of	  par2cle	  kinema2cs	  
•  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	  reconstrucNon	  is	  
fundamental!	  

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

•  CriNcal	  evaluaNon	  of	  the	  systemaNcs	  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	  	  à	  details	  in	  the	  next	  slides	  
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In	  this	  talk:	  
•  Focus	  on	  the	  nominal	  phase	  space	  inves2gated	  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,	  link)	  
•  Reduced: 	  pT	  >	  500	  MeV,	  |η|<	  0.8	  (For	  comparison	  to	  the	  various	  detectors,	  link)	  
•  Extended: 	  pT	  >	  100	  MeV,	  |η|<	  2.5	  (To	  inves2gate	  the	  low	  pT	  region,	  link)	  

•  Comparison	  with	  results	  at	  lower	  center-‐of-‐mass	  energy	  
•  8	  TeV	  results	  recently	  published,	  link	  
•  High	  mul2plicity	  phase	  spaces	  (nch>20,50)	  inves2gated	  for	  the	  first	  2me	  in	  ATLAS	  

for	  a	  more	  comprehensive	  understanding	  of	  the	  minimum	  bias	  events	  



•  Accepted	  on	  single-‐arm	  Minimum	  Bias	  Trigger	  Scin2llator	  (MBTS)	  
•  Primary	  vertex	  (2	  tracks	  with	  pT	  >100	  MeV)	  
•  Veto	  on	  any	  addi2onal	  ver2ces	  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	  posi2on)	  
•  Track	  fit	  χ2	  probability	  >	  0.01	  for	  tracks	  with	  pT	  >	  10	  GeV	  
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Primary	  Charged	  ParNcles:	  charged	  par2cles	  with	  a	  mean	  life2me	  >	  300	  ps,	  either	  
directly	  produced	  in	  pp	  interac2ons	  or	  from	  subsequent	  decays	  of	  directly	  produced	  
par2cles	  with	  <	  30	  ps	  à	  strange	  baryons	  excluded	  (more	  details	  in	  the	  next	  slides)	  



SimulaNon:	  
•  ︎Pythia8	  	  

•  A2	  →	  ATLAS	  Minimum	  Bias	  tune,	  based	  on	  MSTW2008LO	  	  
•  Monash	  →	  alterna2ve	  tune,	  based	  on	  NNPDF2.3LO	  	  

•  ︎EPOS	  3.1	  →	  effec2ve	  QCD-‐inspired	  field	  theory,	  tuned	  on	  cosmic	  rays	  data	  
•  QGSJET-‐II	  →	  based	  on	  Reggeon	  Field	  Theory,	  no	  color	  reconnec2on	  	  
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Using	  the	  two	  13	  TeV	  runs	  with	  
low	  mean	  number	  of	  interac2ons	  
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	  mul2ple	  scasering	  at	  low	  pt	  and	  imprecise	  knowledge	  of	  the	  

material	  in	  the	  ID	  

Data:	  
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•  Main	  ingredient	  for	  the	  Minimum	  Bias	  analysis	  

•  Cri2cal	  evalua2on	  of	  the	  systema2cs	  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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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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(d)

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	   simula2on-‐based	   es2mate	   of	   the	   track	  
reconstrucNon	  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	  connecNons	  installed	  at	  the	  same	  2me	  

10	  June	  6-‐10,	  2016	  

•  First	  qualita2ve	  results	  released	  in	  a	  PUBNote	  	  (ATL-‐PHYS-‐PUB-‐2015-‐050)	  in	  November	  2015	  

METHOD	   SENSITIVE	  REGION	  	  

Hadronic	  InteracNons	  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	  reconstruc2on	  efficiency	  in	  the	  region	  	  	  	  	  	  	  	  
1.5	  <	  |η|	  <	  2.5	  is	  corrected	  using	  the	  results	  from	  the	  SCT-‐Extension	  Efficiency	  
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•  Shape	  of	  the	  Data	  to	  Simula2on	  ra2o	  of	  the	  SCT-‐Extension	  Efficiency	  reflected	  into	  the	  shape	  of	  
the	  correc2on	  applied	  to	  the	  Tracking	  Efficiency	  

•  Big	  reducNon	  of	  the	  systemaNc	  uncertainNes	  
•  Only	  applied	  in	  the	  Nominal	  phase	  space	  due	  to	  issues	  extrapola2ng	  to	  low	  pT	  
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Tracking	  Efficiency	  CorrecNon	  SCT-‐Extension	  Efficiency	  



no-z
seln

2 4 6 8 10

Tr
ig

ge
r e

ffi
ci

en
cy

0.986
0.988

0.99
0.992
0.994
0.996
0.998

1

Data

| < 2.5η > 500 MeV, |
T
p 1, ≥ no-z

seln
 = 13 TeVs

ATLAS

(a)

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

Ef
fic

ie
nc

y 
co

rre
ct

io
n 

[%
]

3−

2−

1−

0

1

2

3
Minimum Bias MC

| < 2.5η > 500 MeV, |
T
p 1, ≥ seln

 = 13 TeVs
ATLAS

(b)

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

ac
k 

re
co

ns
tru

ct
io

n 
ef

fic
ie

nc
y

0.6
0.65
0.7

0.75
0.8

0.85
0.9

0.95
1

Minimum Bias MC
| < 2.5η > 500 MeV, |

T
p 1, ≥ seln

 = 13 TeVs
ATLAS

(c)

 [GeV]
T
p

1 10Tr
ac

k 
re

co
ns

tru
ct

io
n 

ef
fic

ie
nc

y

0.76
0.78
0.8

0.82
0.84
0.86
0.88
0.9

0.92
0.94

Minimum Bias MC
| < 2.5η > 500 MeV, |

T
p 1, ≥ seln

 = 13 TeVs
ATLAS

(d)

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	  kinema2c	  quan22es	  studied:	  	  

•  negligible	  pT-‐dependence	  
•  visible	  nsel-‐dependence	  
•  negligible	  systema2c	  uncertain2es	  

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

(n
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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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systematic uncertainty
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variation of the track selection
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di�erences between MBTS A and C side

I
MC based: events failing both triggers

I
non-collision beam background
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evaluated	  by	  using	  a	  
control	  trigger	  and	  
the	  MBTS	  trigger	  
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Background	  contribu2ons	  to	  the	  tracks	  from	  primary	  
par2cles	  include:	  	  
	  

•  Strange	  baryons	  
	  

•  Secondary	  par2cles	  
	  

•  Fake	  tracks	  	  
•  Negligible	  in	  the	  500	  MeV	  phase	  space	  

•  Non-‐negligible	  in	  the	  100	  MeV	  phase	  space	  
•  Treated	  as	  part	  of	  the	  background	  



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

	  
•  Par2cles	  with	  life2me	  30	  ps	  <	  τ	  <	  300	  ps	  
(strange	  baryons)	  are	  no	  longer	  considered	  
primary	  parNcles	  in	  the	  analysis,	  decay	  

products	  are	  treated	  like	  secondary	  par2cles	  	  
	  

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

model	  dependence	  (very	  different	  
predic2ons	  in	  Pythia8	  and	  EPOS)	  

	  
•  Final	  results	  produced	  with	  and	  without	  the	  

strange	  baryons	  to	  allow	  comparison	  with	  
previous	  measurements	  
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•  Rate	  measured	  in	  data	  by	  performing	  a	  fit	  to	  the	  transverse	  impact	  parameter	  distribu2on	  
•  More	  detailed	  evaluaNon	  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	  distribu2on	  for	  electron	  and	  

non-‐electron	  secondary	  par2cles	  à	  d0BL	  reflects	  the	  radial	  loca2on	  at	  which	  the	  
secondaries	  were	  produced	  

•  Different	  processes	  for	  conversion	  and	  hadronic	  interac2on	  leading	  to	  differences	  
in	  the	  radial	  distribu2ons	  à	  electrons	  mostly	  produced	  from	  conversions	  in	  the	  
beam	  pipe	  

•  Frac2on	  of	  electrons	  increases	  as	  pT	  decreases	  June	  6-‐10,	  2016	  
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SystemaNc	  	  
Uncertainty	   DistribuNon	   Size	  

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

(√s=13	  TeV,	  pT>100	  MeV)	  

Track	  ReconstrucNon	  
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	  systema2c	  uncertain2es	  at	  13	  TeV	  (full	  list	  in	  the	  extra	  slides)	  

•  Main	  systemaNc	  uncertainty	  on	  the	  final	  measurement	  due	  to	  the	  uncertainty	  on	  the	  
track	  reconstrucNon	  efficiency	  

	  
•  Smaller	  systemaNcs	  in	  the	  nominal	  phase	  space	  than	  in	  the	  extended	  one	  thanks	  to	  

the	  data-‐driven	  correcNon	  applied	  to	  the	  tracking	  efficiency	  
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•  Trigger	  and	  Vertex	  efficiency:	  event-‐wise	  correc2on	  

	  
•  Tracking	  efficiency:	  track-‐wise	  correc2on	  

•  Bayesian	  unfolding	  to	  correct	  both	  the	  mul2plicity	  nch	  and	  pT	  

•  Addi2onal	  correc2on	  for	  events	  out	  of	  kinema2c	  range	  e.g.	  events	  with	  
≥1	  par2cles	  but	  <	  1	  track	  

•  Mean	  pT	  vs	  nch	  bin-‐by-‐bin	  correc2on	  of	  average	  pT,	  then	  nch	  migra2on	  
	  

secondary	  tracks	  

strange	  baryons	  

outside	  kinema2c	  range	  



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

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

dNev/dnch	   <pT>	  VS	  nch	  

Models	  differ	  mainly	  
in	  normalisa2on,	  
shape	  similar	  

Measurement	  spans	  
10	  orders	  of	  
magnitude	  	  

Low	  nch	  not	  well	  modelled	  by	  any	  MC;	  large	  
contribu2on	  from	  diffrac2on;	  

Models	  without	  colour	  reconnec2on	  (QGSJET)	  fail	  
to	  model	  scaling	  with	  nch	  very	  well	  
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•  Extended	  Phase	  Space	  (pT	  >	  100	  MeV,	  |η|<	  2.5	  )	  

V.	  Cairo	   19	  

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

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

•  Up	  to	  7%	  of	  systema2cs	  
in	  the	  high	  eta	  region	  

•  Good	  predic2on	  by	  all	  
the	  generator,	  except	  
Pythia	  8	  A2	  which	  lies	  

below	  the	  data	  

Difficult	  predic2ons	  
in	  the	  low	  pT	  region	  

Good	  data/MC	  agreement	  given	  by	  EPOS	  (within	  
2%),	  worse	  predic2ons	  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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dNch/dη	   d2Nev/dηdpT	   dNev/dnch	   <pT>	  VS	  nch	  

EPOS	  gives	  the	  best	  predicNon!	  

•  EPOS	  gives	  good	  predic2on	  
in	  the	  central	  region	  and	  
overes2mates	  data	  in	  the	  

forward	  region	  
•  Pythia	  8	  A2	  lies	  below	  the	  

data,	  while	  Pythia	  8	  Monash	  
and	  QGSJet	  overes2mate	  

data	  

Above	  1	  GeV,	  good	  
predic2ons	  given	  by	  
Pythia	  8	  Monash	  

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

descrip2on	  

June	  6-‐10,	  2016	  
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Figure 5: Distributions of primary charged particles in events for which nch ≥ 1, pT > 500 MeV and |η| < 2.5 as
a function of (a) pseudorapidity, η, (b) transverse momentum, pT, (c) multiplicity, nch, and (d) average transverse
momentum, ⟨pT⟩, versus multiplicity. The data, represented by dots, are compared to various particle-level MC
predictions, which are shown by curves. The shaded areas around the data points represent the total statistical and
systematic uncertainties added in quadrature.
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Figure 5: Distributions of primary charged particles in events for which nch ≥ 1, pT > 500 MeV and |η| < 2.5 as
a function of (a) pseudorapidity, η, (b) transverse momentum, pT, (c) multiplicity, nch, and (d) average transverse
momentum, ⟨pT⟩, versus multiplicity. The data, represented by dots, are compared to various particle-level MC
predictions, which are shown by curves. The shaded areas around the data points represent the total statistical and
systematic uncertainties added in quadrature.
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Figure 5: Distributions of primary charged particles in events for which nch ≥ 1, pT > 500 MeV and |η| < 2.5 as
a function of (a) pseudorapidity, η, (b) transverse momentum, pT, (c) multiplicity, nch, and (d) average transverse
momentum, ⟨pT⟩, versus multiplicity. The data, represented by dots, are compared to various particle-level MC
predictions, which are shown by curves. The shaded areas around the data points represent the total statistical and
systematic uncertainties added in quadrature.
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•  Extended	  Phase	  Space	  (pT	  >100	  MeV,	  |η|<	  2.5	  )	  
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•  Strong	  dependence	  on	  the	  ID	  material	  in	  the	  forward	  region!	  

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

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

June	  6-‐10,	  2016	  
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•  Compared	  with	  earlier	  studies,	  the	  8	  TeV	  analysis	  also	  presents	  ATLAS	  
measurements	  of	  final	  states	  at	  high	  mul2plici2es	  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	  predic2on	  by	  
Pythia8	  and	  EPOS	  at	  
low	  pT,	  but	  large	  

devia2on	  at	  high	  pT	  	  

All	  models	  overes2mate	  
data	  at	  |η|	  >	  1.7	  but	  beser	  
descrip2on	  in	  the	  central	  

region	  

Fair	  predic2on	  by	  
Pythia8	  and	  EPOS	  at	  
low	  pT,	  but	  large	  

devia2on	  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	  parNcles	  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	  predicNons	  for	  this	  observable	  is	  given	  by	  
EPOS	  followed	  by	  Pythia	  8	  A2	  and	  Monash!	  

June	  6-‐10,	  2016	  
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ATLAS:	  nice	  detector	  to	  study	  sor	  QCD!	  
	  
•  Minimum	  Bias	  Studies:	  

•  Track-‐based	  analysis	  
•  Main	  systema2c	  uncertain2es	  from	  Inner	  Detector	  material	  es2mate	  

•  Charged	  ParNcle	  MulNpliciNes	  @	  13	  TeV	  	  
•  Nominal:	  	  	  	  pT	  >	  500	  MeV,	  |η|<	  2.5	  (link)	  
•  Reduced:	  	  	  pT	  >	  500	  MeV,	  |η|<	  0.8	  (link)	  
•  Extended:	  	  pT	  >	  100	  MeV,	  |η|<	  2.5	  (link)	  

•  Charged	  ParNcle	  MulNpliciNes	  @	  8	  TeV	  	  
•  Many	  phase	  spaces	  inves2gated	  (link)	  

•  Reduced	  systema2cs	  with	  respect	  to	  the	  7	  TeV	  measurements	  
•  High	  mul2plicity	  region	  (nch>20,50)	  studied	  extensively	  for	  the	  

first	  2me	  

•  In	  general,	  best	  predicNons	  given	  by	  EPOS-‐LHC	  
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•  Reduced	  Phase	  Space	  (pT	  >	  500	  MeV,	  |η|<	  0.8)	  

V.	  Cairo	   26	  

dNch/dη	   d2Nev/dηdpT	  

The	  level	  of	  agreement	  between	  the	  data	  and	  MC	  generator	  predic2ons	  follows	  the	  same	  
pasern	  as	  seen	  in	  the	  main	  phase	  space:	  

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

dNev/dnch	   <pT>	  VS	  nch	  

Models	  differ	  mainly	  
in	  normalisa2on,	  
shape	  similar	  

Measurement	  spans	  
10	  orders	  of	  
magnitude	  	  

Low	  nch	  not	  well	  modelled	  by	  any	  MC;	  large	  
contribu2on	  from	  diffrac2on;	  

Models	  without	  colour	  reconnec2on	  (QGSJET)	  fail	  
to	  model	  scaling	  with	  nch	  very	  well	  

June	  6-‐10,	  2016	  
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Figure 5: Primary-charged-particle multiplicities as a function of (a) pseudorapidity, η, and (b) transverse mo-
mentum, pT; (c) the multiplicity, nch, distribution and (d) the mean transverse momentum, ⟨pT⟩ , versus nch in
events with nch ≥ 1, pT > 500 MeV and |η| < 0.8. The dots represent the data and the curves the predictions from
different MC models. The x-value in each bin corresponds to the bin centroid. The vertical bars represent the stat-
istical uncertainties, while the shaded areas show statistical and systematic uncertainties added in quadrature. The
bottom panel in each figure shows the ratio of the MC simulation over the data. Since the bin centroid is different
for data and simulation, the values of the ratio correspond to the averages of the bin content.
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Figure 5: Primary-charged-particle multiplicities as a function of (a) pseudorapidity, η, and (b) transverse mo-
mentum, pT; (c) the multiplicity, nch, distribution and (d) the mean transverse momentum, ⟨pT⟩ , versus nch in
events with nch ≥ 1, pT > 500 MeV and |η| < 0.8. The dots represent the data and the curves the predictions from
different MC models. The x-value in each bin corresponds to the bin centroid. The vertical bars represent the stat-
istical uncertainties, while the shaded areas show statistical and systematic uncertainties added in quadrature. The
bottom panel in each figure shows the ratio of the MC simulation over the data. Since the bin centroid is different
for data and simulation, the values of the ratio correspond to the averages of the bin content.
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These	  methods	  allowed	  to	  improve	  the	  IBL	  descripNon	  in	  simulaNon	  	  
•  30%	  of	  material	  was	  missing	  in	  the	  “default	  geometry”	  

June	  6-‐10,	  2016	  

Inelas2c	   hadronic	   interacNons	   produce	  
mul2ple	   charged	   par2cles	   when	   hadrons	  
interact	  with	  the	  detector	  material.	  
	  

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

Probability	   for	   a	   photon	   conversion	   (very	   clean	  
signal)	  is	  propor2onal	  to	  the	  traversed	  material.	  
	  
	  

High	   staNsNcs	   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%	  systema2c	  uncertainty	   following	   the	   recommenda2on	  
of	  Inner	  Detector	  Combined	  Performance	  group	  

June	  6-‐10,	  2016	  
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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	  systema2c	  
uncertainty	  evalua2on	  thanks	  to	  
the	  correc2on	  to	  the	  tracking	  
efficiency	  driven	  by	  material	  

studies	  

June	  6-‐10,	  2016	  



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

η
 / 

d
ch

N
 d⋅ 

ev
N

1/

1

1.5

2

2.5

3

3.5

4

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

| < 2.5η| > 500 MeV, 
T
p 1, ≥ chn

 > 300 psτ
 = 13 TeVsATLAS 

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

M
C

 / 
D

at
a

0.9

1

1.1

1.2

•  Nominal	  Phase	  Space	  (500	  MeV)	  

V.	  Cairo	   30	  

•  Herwig	  was	  dropped	  bacause	  the	  tune	  (based	  on	  CTEQ6L1	  PDF)	  used	  for	  the	  
CONFNote	  was	  not	  the	  op2mal	  one	  	  

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

CONF	   Paper	  

June	  6-‐10,	  2016	  



•  Trigger	  and	  Vertex	  efficiency:	  event-‐wise	  correc2on	  

	  
•  Tracking	  efficiency:	  track-‐wise	  correc2on	  

•  Bayesian	  unfolding	  to	  correct	  both	  the	  mul2plicity	  nch	  and	  pT	  

•  Addi2onal	  correc2on	  for	  events	  out	  of	  kinema2c	  range	  e.g.	  events	  with	  
≥1	  par2cles	  but	  <	  1	  track	  

•  Mean	  pT	  vs	  nch	  bin-‐by-‐bin	  correc2on	  of	  average	  pT,	  then	  nch	  migra2on	  
	  

June	  6-‐10,	  2016	   V.	  Cairo	   31	  

non-‐primary	  tracks	  

strange	  baryons	  

outside	  kinema2c	  range	   fake	  tracks	  



•  When	  trying	  to	  use	  the	  data-‐driven	  correc2on	  in	  the	  low	  pT	  phase	  
space,	  it	  leads	  to	  un-‐physical	  fluctua2ons	  

•  Many	  checks	  performed,	  but	  issue	  not	  found	  à	  therefore,	  this	  
correc2on	  is	  not	  applied	  in	  the	  100	  MeV	  phase-‐space	  analysis	  and	  
instead	  larger	  systema2c	  uncertain2es	  are	  applied,	  as	  recommended	  
by	  the	  Inner	  Detector	  Combined	  Performance	  group:	  
•  5%	  extra	  material	  overall	  
•  10%	  extra	  material	  IBL	  (Minimum	  Bias	  is	  the	  only	  2015	  ATLAS	  
analysis	  which	  used	  the	  improved	  IBL	  geometry)	  

•  50%	  extra	  material	  in	  the	  Pixel	  Services	  Region	  
	  

•  Final	  results	  discussed	  in	  the	  next	  slides	  
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Problems	   that	   may	   be	   encountered	   when	   extrapola2ng	   the	  
data-‐driven	  correc2on	  to	  low	  pT	  tracks:	  
	  
•  Errors	  in	  the	  propaga2on	  of	  the	  systema2cs	  and	  correc2on	  

à	  checked	  

•  Track	  parameters	  resolu2on	  à	  checked	  à	  negligible	  

•  Eta	  bin-‐to-‐bin	  migra2on	  à	  checked	  à	  negligible	  	  

•  Linearity	   of	   the	   tracking	   efficiency	  with	   the	  material	   in	   the	  
low	  pT	  regime	  à	  checked	  

	  
The	   issue	   was	   not	   found	  à	   Therefore	   this	   correc2on	   is	   not	  
applied	  in	  the	  100	  MeV	  analysis	  and	  instead	  larger	  systema2c	  
uncertain2es	  are	  applied	  
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•  Non	  primary	  tracks	  are	  the	  biggest	  background	  	  

•  Rate	  measured	  in	  data	  by	  performing	  a	  fit	  to	  
the	  transverse	  impact	  parameter	  distribu2on	  

	  	  
•  2.2%	   ±	   0.6%	   of	   our	   reconstructed	   tracks	  

within	  the	  signal	  region	  	  

•  High	  pT	  tracks	  	  

•  measurable	   frac2on	   of	   the	   tracks	   originate	  
from	   low	   pT	   tracks	   (scasering,	   in	   flight	  
decays)	  	  

•  Our	   ability	   to	   select	   &	   remove	   these	   tracks	  
was	  assessed	  in	  data	  	  

•  At	  most	  1%	  of	  tracks	  between	  30-‐50GeV	  	  
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•  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	  frac2on	  of	  poorly	  measured	  tracks	  entering	  the	  denominator	  when	  loosening	  the	  cuts	  

0.5%	  	  
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•  Badly	   measured	   low	   momentum	   charged	   par2cles	   are	  
some2mes	  reconstructed	  as	  a	  high	  momentum	  track	  

•  These	   tracks	   are	   a	   sizeable	   frac2on	   at	   high	   reconstructed	   pT	  
because	   of	   the	   steeply	   falling	   pT	   distribu2on	   and	   they	   are	  
caused	   by	   interac2ons	   and	   mul2ple	   scasering	   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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hsp://arxiv.org/pdf/1012.5104v2.pdf	  dNch/dη	  

•  Models	  differ	  mainly	  in	  normalisa2on,	  shape	  similar	  
•  Track	  mul2plicity	  underes2mated	  
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hsp://arxiv.org/pdf/1012.5104v2.pdf	  

•  Large	  disagreement	  at	  low	  pT	  and	  high	  pT	  	  

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

•  Low	  nch	  not	  well	  modelled	  by	  any	  MC;	  large	  contribu2on	  from	  diffrac2on	  	  

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

•  Pythia8	  with	  hard	  diffrac2ve	  component	  give	  best	  descrip2on	  	  
•  Shape	  at	  low	  nch	  sensi2ve	  to	  ND,	  SD,	  DD	  frac2ons	  especially	  when	  using	  a	  100	  MeV	  selec2on	  	  

<pT>	  vs.	  nch	  

The	  measurement	  of	  ⟨pT⟩	  as	  a	  func2on	  of	  charged	  mul2plicity	  at	  s	  =	  
2.36	  TeV	  is	  not	  shown	  because	  different	  track	  reconstruc2on	  methods	  
are	  used	  for	  determining	  the	  pT	  and	  mul2plicity	  distribu2ons	  
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hsp://arxiv.org/pdf/1012.5104v2.pdf	  

•  Pythia8	  with	  hard	  diffrac2ve	  component	  give	  best	  descrip2on	  	  
•  Shape	  at	  low	  nch	  sensi2ve	  to	  ND,	  SD,	  DD	  frac2ons	  especially	  when	  using	  a	  100	  MeV	  selec2on	  	  

<pT>	  vs.	  nch	  
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hsp://arxiv.org/pdf/1012.5104v2.pdf	  <pT>	  vs.	  nch	  
The	  measurement	  of	  ⟨pT⟩	  as	  a	  func2on	  of	  charged	  
mul2plicity	  at	  s	  =	  2.36	  TeV	  is	  not	  shown	  because	  different	  
track	  reconstruc2on	  methods	  are	  used	  for	  determining	  
the	  pT	  and	  mul2plicity	  distribu2ons	  



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

•  1	  phase	  space	  (1	  charged	  par2cle,	  500	  MeV,	  |η|<2.5)	  
•  0.9,	  2.36,	  7	  TeV	  (12/2010)	  

•  3	  phase	  spaces	  (1,	  2,	  6	  charged	  par2cles,	  100-‐500	  MeV,	  |η|<2.5)	  
•  0.9,	  7	  TeV	  (12/2010)	  

•  CONFNote	  –	  2	  phase	  spaces	  (1	  charged	  par2cle,	  500-‐1000	  MeV,	  |η|<0.8)	  
•  8	  TeV	  (03/2016)	  

•  5	  phase	  spaces	  (1,	  2,	  6,	  20,	  50	  charged	  par2cles,	  100-‐500	  MeV,	  |η|<2.5	  )	  
•  13	  TeV	  (02/2016)	  

•  2	  phase	  spaces	  (1	  charged	  par2cle,	  500	  MeV,	  |η|<2.5,	  0.8)	  
•  13	  TeV	  (in	  second	  circula2on)	  

•  1	  phase	  space	  (2	  charged	  par2cles,	  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	  magne2c	  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	  distribu2on	  in	  |η|<	  	  1.8	  is	  reported	  
for	  inelas2c	  events	  and	  for	  events	  with	  at	  least	  one	  
charged	  par2cle	  in	  |η|<	  	  1	  

	  
•  Transverse	  momentum	  distribu2on	   in	  0.15	  <	   	  pT	  <	  	  

20	  GeV/c	  and	  |η|<	  	  0.8	  for	  events	  with	  at	  least	  one	  
charged	  par2cle	  in	  |η|<	  	  1	  
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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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systematic uncertainty
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variation of the track selection
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di�erences between MBTS A and C side
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MC based: events failing both triggers
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non-collision beam background
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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:	  

Systema2c	  uncertainty:	  
•  ︎varia2on	  of	  the	  track	  selec2on;	  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

auxiliary material for the paper
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Efficiency	  for	  the	  first	  nselno-‐z	  bin	  depends	  on	  eta	  of	  the	  track	  

Systema2c	  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	  

Systema2c	  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
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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
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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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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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SystemaNc	  Uncertainty	   Size	  	  
(7	  TeV,	  similar	  in	  all	  phase	  spaces)	  

Track	  SelecNon	   1%	  

Material	   2%	  -‐	  15%	  

χ2	  probability	   10%	  (only	  for	  pT	  >	  10	  GeV)	  


