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The ATLAS inner tracker (“ID”)
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Introduction o0 T

500 I yes yes  yes yes
500 6 yes yes  yes
? measuring distributions of stable charged 500 20 yes
primary particles at /s = 8 TeV and 3 TeV 500 50 yes

2 including first ATLAS measurements in high-multiplicity phase spaces @ pt>500 MeV

2  important for tuning of phenomenological soft QCD models to data (e.g. for pileup simulation)
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Echarged-particle density vs pT ) Emean Pt Vs charged-particle multiplicity '

2 track-based measurement — from detector level to particle level
2  apply corrections for trigger & reconstruction inefficiencies and other detector effects

?  using (almost) same procedure as in previous ATLAS measurements @ 0.9-7 TeV



Overview

Differences between previous and new analyses

analysis differences | 0.9 TeV E/AleV. 13 TeV benefits @ 8+13 TeV

remove strange baryons reduces model dependence
high-nch phase spaces yes paper scope + MC tuning
final Run-1 geometry yes yes (+IBL) reduces material uncertainty
baseline MC tune for analysis Pythia 6 Pythia 6 Pythia 8 A2 Pythia 8 A2 reduces systematics (e.g. pr-spectrum)
Geant4 physics list QGSP_BERT QGSP_BERT FTFP_BERT FTFP_BERT  improves simulation of antiprotons

2 Very similar to previous analyses — well-established procedure
?  new:removal of strange baryons (new fiducial definition of “primary” particles: T > 300 ps)
?  new: measuring additional high-multiplicity phase spaces

2  new: using final Run-1 geometry with reduced material uncertainty (£5% passive ID material)

P thus we achieved the smallest total systematics of all ATLAS Minimum Bias analyses of the Run-| period!

2 new: using Pythia 8 A2 MSTW2008LO as a baseline MC tune for the analysis (corrections etc.)

?  new: using improved physics list for MC detector simulation samples



Minimum Bias analysis

Analysis procedure

record pp-collision data sample require low <p> to minimise pile-up contamination ~9m “good” events
select “good” events and tracks  require MBTS trigger, reconstructed vertex, no pile-up, track quality systematics
check for Event backgrounds (negligible)
check for remaining pile-up events (negligible)
check for split vertices (negligible)

check detector performance (e.g. hits on track, IP distributions) (see control plots)
correct for detector inefficiencies apply trigger and vertex efficiency (from Data) systematics
apply tracking efficiency (from MC simulation) systematics
correct for non-primary tracks subtract secondary particles (from MC template fits) systematics
subtract strange baryons (from MC, using Epos tune) systematics
check for combinatorial fakes (from MC simulation) (negligible)
unfold distributions apply Bayesian unfolding (for resolution + migration effects) systematics

compare with MC predictions PYTHIA 8 A2, PYTHIA 8 Monash, EPOS LHC, QGSJET-II (see final results)

show central charged particle density vs sqrt(s) (see final results)



Minimum Bias analysis

Event and Track selection

2 Event selection
2z MBTS trigger signal
7 M <0.0l (to suppress pile-up)

?  reconstructed primary vertex with >=2 tracks

Z  veto events with any additional vertex with >=4 tracks MBTS = Minimum Bias Trigger Scintillators

(2.08 < |eta| < 3.75)
7 >= X“selected” tracks (nsel) passing track selection
32 scintillation counters

2 Track selection

7 |do™] < 1.5 mm 2  innermost Pixel layer hit if expected™*

2 |zo" sin(theta)| < I.5 mm 2  >=| Pixel hit

2  y? probability > 0.0l for pt> 10 GeV B >=24,6 SCT hits* for pr>100,200,300 MeV

* = sum of SCT hits + inactive SCT modules on track

P * = or IBL hit if expected (for |3 TeV analysis)



Track reconstruction performance

IP and hits-on-track distributions
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IP distributions show good MC / Data agreement in signal region (after pt reweighting)
and in tails (after applying scale factors for secondaries, derived from MC template fits)

Distributions of average number of hits on track show very good MC / Data agreement




Correction procedure

1 1
wev(n 1) = " Wzyrtx MC:, Curig ~ |
SC gmg (n ) gvtx (nsel : x) data: Wzvrtx — I

..........................................................................................................................................................................................

event IeveI we|ght’ trlgger eff‘uency' vertex eff‘uency' vertex z rewelghtlng'

1

Wik (PT,N)| = — (1 = foonp(PT>1) —| fsB(PT> ) |—| foke (DT> 1))
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Trigger and vertex efficiency

2 MBTS trigger efficiency

~

\\

calculated from events selected by a
random space-point trigger

~

>  parameterised as a function of nee®

N\

Z using nominal track selection requirements, except for IPs

2 Vertex reconstruction efficiency

\Y
v

= probability that a reconstructed primary
vertex is found in a triggered event

>  parameterised as a function of nse®>

Z for nse®=1 @ p7t>500 MeV: n dependent efficiency

2 for ne®=2 @ pT>100 MeV: Az dependent efficiency

?  beam background is suppressed in event selection
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Track Reconstruction Efficiency

Track reconstruction efficiency
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2 Tracking Efficiency = matched tracks / all gen. stable particles

determined from MC simulation Nmatched (5 )
ek (PT,M) =
Ngen(pTa 1)

2  8TeV uses cone matching: AR = sqrt((An)2 + (Ag)?) < 0.15

Z | 3 TeV uses hit probability matching, and includes a data-driven correction in [N|>1.5 region due to Pixel services
(N,pT)-binned tracking efficiency is applied as correction factor for each individual track

leading systematic is due to ID material uncertainty



Strange baryons

2 updated “stable primary particle” definition: T > 300 ps

?  we reconstruct tracks from short-lived charged strange baryons + their decay products

N
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Z such particles have a proper lifetime between 30 ps < T < 300 ps ]
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N
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P these have a very low tracking efficiency (which increases with pr) i:::i::‘: i

= —- EPOS LHC

Generated fraction
of strange baryons [%)]
S o
SRS AN M
|
1

?  MC models predict different generated particle yields! — .
5 . Te=——= _
Z this would introduce a large model-dependence of the tracking efficiency! 0='=\ A
2rm L ) AR
: : . < b .
?  these particles are now excluded from our fiducial definition ¢ +- et
Z fraction of reconstructed SB tracks is subtracted from measurement p, [GeV]
. . X | ATLAS Simuiation o
>  for comparison with older measurements: PY I Tk P ;
§§ 4?+EPOS LHC | 1
P SB fraction can be added via extrapolation factor derived from MC generator GSg g + | E
S8 f ,
s 2r ]
P baseline: EPOS LHC (describes SB fraction in data more accurately) § e | =
o T . ]
0:\ | = | |
g’é 2;‘ \ T \ ]
) [ ° o ’ §§ 1;_ ---------------------------------------------------------------- i
2 this is new in 8+13 TeV measurements! : Srm————



ch

1/N,, -dN_ /dn

MC / Data

— L LN N U UL B I UL I
R It 8T V > 0.9F "en = 2. p > 100 MeV, |77|<25 E
es u S e 9. - ©> 300 ps ]
—~ 0.8 ATLAS /s=8TeV =
Q - —
0.7 e
pr>100 MeV: 00 =~ E
0.5F =
—_ 0.4 —f
dNen/dN|n=0 = 5.644 % 0.003 (stat.) £ 0.103 (syst.) : P~ :
0.3 — PYTHIA 8 A2 =
0 25 — - PYTHIA 8 Monash .
AN : : : 2F -~ EPOS LHC =
(~40% reduction of systematics w.r.t. 7 TeV analysis) i . OGSIET ILoa E
R RN R RS R RN RRARE RERAN AR RRRAN RARE 1 . T T T T 5 L L L B L B L I L B
- Ng, = 2, p_>100 MeV, Inl <2.5 i S 103 Ngy = 2, p_ > 100 MeV, |n|<25 S 1;‘ Ngy = 2, p. > 100 MeV, |n|<25 =
8 1 >300ps' ERC I ©>300 ps ~ [ t>300ps -
JE ATLAS s=8TeV 1 = 10E ATLAS (s=8TeV =" 107 ATLAS Vs=8TeV ~
- . o 10 ' O = -
" 4 = 1 2 i
° S 107 z 10°%¢ E
5E_ j \%10_2 — - T 3
- 1 =z 107 8l , ]
- ; o -4 10 = o, E
4 ] 'O 10 = N 3
- i =107 - . i
3F == Data 2012 — %10} =e= Data 2012 107E =e= Data 2012 . 3
- — PYTHIA 8 A2 1 o 10‘ — PYTHIA 8 A2 - — PYTHIA8 A2 -
o — - PYTHIA 8 Monash 4 = 10_ — - PYTHIA 8 Monash 5[ —*PYTHIA 8 Monash T.__
x -~ EPOS LHC - $10°E - EPOSLHC 107°E --- EPOS LHC « 3
1 = QGSJET I1-04 4 Zjpf - QGSJET k04 - -~ QGSJET II-04 -
: 1 10k : 100 -
s 150 1= 15: E
s - : © 5 ]
Ty e B i e 1;1 .r--“‘"”_'.r"'d:lﬂ- """"""""""""" .
mid 1 O O / e W P
0.9F - = = 0.5F

20 40 60 80 100120140160180200
n

_25.2.15-1-050 05 1 15 2 25
n

ch



MC / Data

> 16Fn, =1, 500 MeV, Inl <2.5
Results @ 8 TeV § 1° Ly
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MC / Data

Results @ |13 TeV

pt>500 MeV:

dNe/dn|n=o = 2.874 + 0.001 (stat.)  0.033 (syst.)

(~30% reduction of systematics w.r.t. 7 TeV analysis)
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Central charged-particle density
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results for 8 and |13 TeV are extrapolated to T > 30 ps,and compared with previous measurements and latest MC tunes

(in all phase spaces shown here, the EPOS LHC tune describes the data best, followed by the two PYTHIA 8 tunes)




Conclusions

?  new ATLAS measurements at 8 TeV and |3 TeV have much smaller systematics

Z mainly due to reduced uncertainty of the ID material budget (= dominant source)
Z total systematics of central charged-particle density: we achieved 30-40% reduction w.r.t. previous measurements

additional high-multiplicity phase spaces were measured at 8 TeV

P these results are expected to provide further valuable constraints for MC generator tuning

additional restricted phase space |N<0.8| was measured at |3 TeV

\\

Z this facilitates comparison of results with other LHC experiments

the corrected data were compared with generator predictions made by four MC tunes

P EPOS LHC — PYTHIA 8 A2 — PYTHIA 8 Monash — QGSJET-II

Z overall the best predictions are achieved by EPOS LHC followed by the two PYTHIA 8 tunes

Z models tuned to Run | data (up to 7 TeV) are found to describe the MPI energy extrapolation well

results have been submitted to EPJC (8 TeV) and PLB (13 TeV)

\'4

P 8 TeV: arxiv:1603.02439

4 |3 TeV: arxiv:1602.01633
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The ATLAS experiment

transverse momentum Ay pseudorapidity
PT = (PxPy) B=n/2 = -In (tan 0/2)

ATLAS inner tracker (“ID”)
with Pixel, SCT and TRT sub-detectors

Thursday, 14™ April 2016 18 DIS 2016



Overview

phase spaces and MC tunes

m nlﬂ

? Phase spaces 100
: 500

2 same as in 0.9 and 7 TeV analyses c00

9 PT>IOO Mev, nch>=2 500

P pt>500 MeV, n>=1 and 6 500

P

+ new high-multiplicity phase spaces

P pr>500 MeV, n>=20 and 50

? MC event generators

P
P

Pythia 8 A2: baseline for most corrections

Epos LHC: for strange baryon extrapolation

20
50

shown in| used in

Pythia 8

Epos
Pythia 8
QGSJET
Pythia 6
Pythia 6

Herwig++

Herwig++

yes yes yes  yes
yes yes  yes
yes

yes

A2 MSTW2008 LO

LHC tune yes yes
Monash NNPDF23 LO  yes |3 TeV
[1-04 (LHC tune) yes
AMBT2B CTEQS6 LI 8 TeV

Innsbruck CTEQS®6 LI
UE-EE-5 CTEQ6 LI
UE-EE-4 CTEQS6 LI



Minimum Bias analysis
8 TeV dataset
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~160 pb' data from low-p run 200805 was recorded on 5%/6% April 2012,
with p<0.004 in the good LB range (215-395), recording a total of | |.45m events,

out of which 9.17m events were finally selected in the pr>100 MeV phase space.



Track reconstruction performance
Hits on Track (pt>100 MeV)

Q _I TTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTT I_ 2\ :I TTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTT I: 2\ _I TTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTT I_
§ - N =2, p.>100 MeV, Inl <2.5 ] § 4.8 N =2, p.>100 MeV, Inl <2.5 = § - Ny =2, p.>100 MeV, Inl <2.5 ]
= 13  ATLAS Vs=8TeV 4 2 460 ATLAS (s=8TeV 4 = 10  ATLAS Vs=8TeV -
o - - o E ] o B ]
& B e Data 2012 (uncorrected) 7 L 44F e Data 2012 (uncorrected) ] @ B e Data 2012 (uncorrected) ]
T 1.2 PYTHIA 8 A2 PN & PYTHIA 8 A2 1 3 950 PYTHIA 8 A2 .
s : 25 S z
= 1A= o = g 91— —]
2 - : 3.8 - : :
= h 3.6 = £ 850 ]
. : - 1+ N
E | . 34E =4 2 I
2 0.9 N 3.2 -4 L 8
c - N - 1 K
~ 0 r ] 3 4 3 ¢t |
0-8:— B 2.8 E 7'5:_ E
:I 111 1111 1111 |- |- 1111 |- 1111 1111 111 I: 2.6:7I 11 1111 |- 1111 1111 1111 |- 1111 |- 1| II_: :I 111 |- |- 1111 |- 1111 1111 1111 |- 111 I:
1.025 3 1.02F = 1.02F 3
© - ] © E ] © C ]
= me £ 1.01F 4 £ 1.01F =
=) c : ) c WM a C rL‘,_IJL"'L - R ¥
~ 1: . ~ 1:1‘ - ~ 1: u = T e = = ‘E
S 0.99- 3 Soo9k 1 Soo9- E
0.982_.. P PRI I B I R S RS R S ._i 0.982_.. P I B I R R S R B R .._i 0.982_.. o by e b e b e e e b 1y .._i
25 -2-15-1-05 0 05 1 15 2 25 -25-2-15-1-050 05 1 15 2 25 25 -2 -15-1-05 0 05 1 15 2 25
n n n

very good agreement between data/MC after pt reweighting




Fraction of Tracks/0.1

Detector-level distributions
MC vs Data @ 8 TeV (pt>100 MeV)
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detector-level distributions before applying corrections for detector effects and reconstruction inefficiencies
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