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Soft QCD - why bother ¢

» Phenomenological models of sQCD need experimental constraint
- perturbation theory not applicable

- needs well described sQCD for understanding pile-up and underlying
event activity in all LHC measurements (nowadays pPeak > 40 )

- measurement done as (mainly) differential distributions

1 dNg | | 1 1 d°Ng, | 1 dN,
New dn | No 27pr dnpdpr’| No dng

and | {(pr) VS. Ny,

» Long standing history & improvements in ATLAS

analysis differences | 0.9 TeV [/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
low pt ( 100 MeV ) yes yes yes yes reduced systematics



Charged particle distrioution measurement

» Track counting measurement with correction to particle level

- attempt to minimally bias your y
trigger selection

- understanding the detector effects
IS biggest experimental challenge

track reconstruction efficiency/systematics
needs to be well understood (dominant)

additionally corrections to trigger efficiency, -

vertex efficiency and phase space needed

» Typically first measurements at
"new’” collision energy
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- need dedicated run with minimal pile-up

- very beneficial for detector understanding

A. Salzburger

» Access 1o global event shape distributions
out of phase space




Analysis procedure | Selection

» BEvent selection

MBTS trigger selection

1 < 0.01 to suppress pile-up track counting
MBTS = Minimum Bias Trigger Scintillators

require reconstructed vertex with minimum 2 tracks (2.08 < |eta| < 3.75)

(veto event with additional vertex with > 4 tracks) 37 scintillation counters

require a minimum number of selected tracks (nse)

r‘ R =1082mm

minimum 2/4/6 hits in the strip detector
for pr > 0.1/0.2/0.3 GeV

R =50.5mm
R= 33.25mm‘

R=0mm

» Track selection g .
- |doPV] < 1.5 mm |z"V sin(0) | < 1.5 mm - i
- fit y? probability > 0.01 for pr > 10 GeV \ R = 554mm
- innermost pixel hit if module active/crossed, J 2:1:: f |
minimum 1 hit in the pixel detector oo e
e

R=122.5mm
Pixels R =88.5mm



Analysis procedure | Correction

» Event weights

4 a )
1 1

Wey (nsel ) = " Wzvrtx

- 8trig (n ) Evix (nsel ’ ) . y
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trigger _ vertex z
efficiency position (MC)
(=1 for MC) (=1 for data)
» Track weights
4 ) 1 ~ N\ )
Wik (DT> 1) = - (1 = foonp(PT, M) —| fsB(PT: M) = foke(PT, 1))
gtl‘k(pTa 77) |
- . < A . . J Y 5
track strange f
a reconstruction @ e baryon

efficiency fraction

(resolution effects) .



Analysis procedure | Details

record pp-collision data sample require low <p> to minimise pile-up contamination ~|0m “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)



vent welgnts

(A]

- measured from data using a random
space point trigger
- parameterised as nseBS

analysis track selection w/o PV
(uses beam spot instead)

- probabillity to find a vertex on a
triggered event

measured from data

- parameterised as neBS
nsel®S > 2 for pr> 0.1 GeV analysis
nse> > 1 for pr> 0.5 GeV analysis

gger Efficiency

L1_MBTS_1 Tri

Vertex Reconstruction Efficiency
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[rack weignts

> IR L I L I IR LI BN IR I
S 0-9¢ Ny =2, p_>100 MeV, Iyl <2.5 -
1S . ATLAS Simulation Vs =8 TeV ’

: o i 0.8— —

track reconstruction efficiency e c - JR S PSR YRS .

O L L 4 Y -

. . o - * B ]

- estimated from MC simulation, s O . .. i
. . N . . -
binned in 2D (n, pr) S ; 6: g ®eeee -

o) .o—* * —

- - v 5 B
relies on corrgct modelling of the < = = Minimum Bias MC :
tracker material S 0.5 ]

= . e
- dominant systematic uncertainty oab- E
. coa by by b b b by Lo by by

for these analyses 25 2 45 4 05 0 05 1 15 2 25 |

. . ATLAS Prelimina Vs=7TeV, 19 nb
assumes material modelling of the I e e e e o e -
inner tracker to 5 % accuracy E T -

s [ i
- supported by many studies of the s r m
tracker material budget g f ..,
o - 4 —4
hadron interaction rates (vertexing) g or ]

' - — —
photon conversion - - —{300
tfrack length requirements 51— —

- . 200
- in general excellent modelling of the i i
data by full simulation o —. .
JINST 7 (2012) P0O1013  ATL-PHYS-PUB-2015-050 IDTR-2016-001 : :
1 1 1 l 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1
N 10 5 0 5 10 15

Local coordinate X [mm]


http://iopscience.iop.org/1748-0221/7/01/P01013/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-050/
http://iopscience.iop.org/1748-0221/7/01/P01013/

[rack weignts

o 0.9 .
5 - Ng =2, p_>100 MeV, Inl <2.5 .
e . ATLAS Simulation Vs =8 TeV ]
i 0.8— ]
@ S - OOOOM“M”Q .
| it S o7f o e, -
- estimated from MC simulation, 5 - . -
binned in 2D (n, pr) S ; 6; vee®’ e
[} .o—* . —
relies on correct modelling of the T o B Minimum Bias MC -
tracker material Ic_ié 0.5 3
- dominant systematic uncertainty 0.4r E
. o v b b by by b b b b
for these analyses 25 2 15 -1 05 0 05 1 15 2 25
. . ATLAS Prelimina Vs =7 TeV, 19 nb
assumes material modelling of the I R L LS R S i
inner tracker to 5 % accuracy E T -
Q — -
- supported by many studies of the g °F —Io°
tracker material budget e f g
O - 1 —400
hadron interaction rates (vertexing) g or 4
' - — -
photon conversion - - —300
frack length requirements 51— —
o . 200
- in general excellent modelling of the - i
data by full simulation o —. .
JINST 7 (2012) PO1013  ATL-PHYS-PUB-2015-050 IDTR-2016-001 : :
_5 | 1 | I | 1 | | | | | | 1 I 1 | 1 | I | 1 | | | | 1 | 1 |
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-10 -5 0 5 10
Local coordinate X [mm]


http://iopscience.iop.org/1748-0221/7/01/P01013/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-050/
http://iopscience.iop.org/1748-0221/7/01/P01013/

Track welghts | Material studies

x10°
» For Run-2 the Inner Detector S0F" "ATLAS Prefiminary | |
geOm@try had J[O be mapped 50 i :::r?i::;?mulation (Updated Geometry)
' Pythia8 Simulation (Default Geometry)
OUJ[ aga|n 40 Vs= 13TeV, Inl<2.4

- Insertion of the IBL 30

- replacement of the inner patch
panels

20

Conversion Candidates / 0.25 mm
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Beam Pipe
10
> L L L L L B LA B B B
2L 4 owazors ATLAS Preliminary 20 25 30 3 40 45
o ,F Pythia8 Simulation (Updated Geometry) \s=13TeV - Conversion Vertex Radius [mm]
E - EPOS Simulation (Updated Geometry) .
c B IS, ]
S 0.95— ' -
§ [ me A .~ 1 Similar guality of description
Ll>j %“ - A 7] .
- : o F reached as for final Run-1
3 0.85F - L o}
description g

0.8 % . 5
Q020 RARRERE - comparable systematic -
L | S~ e uncertainties with of 13 TeV
Q el D 5 8 A= g ' .

o8, T results with final Run-1 results




[rack reconstruction periormance

» Track reconstruction performance evaluation 1s essential

- excellent modelling of track parameters and properties by simulation
outs confidence in estimating key parameters from simulation

- result of years of detailed detector modelling in the full simulation
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1 9 g
Track welghts ¢ O A T T
G 108F 1s=13TeV b Data 4
= 7F 100 <p_<150 MeV, || < 2.5 ;
o 100 Primaries e Electrons 3
@ o --=-== Non-electrons , == Fakes
_Q 1 1
S
- for analysis ( pr > 500 MeV ) no distinction Z
between fakes and secondaries done
- estimated Via a template fit -to the impaCt 11 I 1 1 | | 1| I 1 11 | E [ | [ E | L1 | | 1| I | | 11|
parameterdistribution O 1_5_"'|"'|"'|"'|"|||['l"'|"'|"'|"'—
s L ]
done w.r.t beam line to avoid event biases % 13",#,,.“.”%_,,._._.:-_-_-..__ ....---...,,,,Mﬂ £
()]

III|III|III|III|III|III|III|III|III|III
@ 10-8 6 4 2 0 2 4 6 8 10
dg- [mm]

- updated stable particle definitions: T > 300 ps

N
(J'I

ATLAS Simulation

- W_13Tev

- Includes many strange baryons e 21 p 5500 MeV, Il <25 -

N
O

very low tracking efficiency,
strongly varies with transverse momentum

—4— PYTHIA 8 A2
—4— PYTHIA 8 Monash
— . —4— EPOS LHC

—
o
LI L B B
|
!
I

Generated fraction

of strange baryons [%]
o
|

- generators predict very different fractions -

- removed for 8/13 TeV from fiducial definition e A # -
decreases generator dependency, EPOS LHC e BN BN
extrapolation for comparison with older analyses 1 10 10°

p. [GeV]

11



1/N,, - dN,, / dn

Ratio

Charged particle multiplicities | Result History

detector understanding

IBL installation

>

Run-1 reduction of syst. errors > 30% Run-1

start end
[TTTTTTTTT ||||l|l|||||||[||||[llllllllllllllll[lll_ -g :IIII|IIIIIIIII|IIII|||||||||||IIII||III| |||||||| :
5 nch22,pT>100 MeV, |In|<2.5 =~ 8:—nCh > 2, P > 100 MeV, |n| < 2.5 E
- ATLAS \'s = 0.9 TeV 1 3° - ©>300ps =
- 4 o 7:_ATLAS \s=8TeV e
41— —_ S E E
< 6p sl
5 —
X i A =
2r === Data 2009 ] 3— == Data 2012 —
B — PYTHIA ATLAS AMBT1 ] - — PYTHIA 8 A2 ]
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MC / Data

» Fairly good shape modelling by most generators

- measurements are continuously used for tuning
- EPOS (LHC tune) very good modelling at 8 TeV

> Run-2
start

IIII|IIII|IIII|I[II|IIII|IIII|IIII|IIII| IIIIIIII ]

8 ny, =2, p; > 100 MeV, |n| < 2.5 ]

> 300 ps i

75 ATLAS Vs =13 TeV .

V4 —

=TT e by

6.5 s

6:_ —— Data —:

- — PYTHIA 8 A2 .

5 5[ — PYTHIA 8 Monash ]
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5 |
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1.05* i

s P wrid

1+ o

; i
038 59857050 05 1 15 2 25

n
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Charged particle multiplicities | Results 8 TeV

» 8 TeV analysis extended to high multiplicity phase-spaces

(]

<

MC / Data

- event selections with neh = 1, 6, 20, 50

- most generators have seen limited tuning in this corner

- deviations from data start getting bigger

_—

107°
10710
107"

T ,I T IIIIII|

N, >
T > 300 ps

ATLAS \s=8TeV

== Data 2012

— PYTHIA 8 A2

— PYTHIA 8 Monash
=== EPOS LHC

-+= QGSJET II-04

1, b >500 MeV, || <2.5

—_
— (@)}
T T 1 1 T

o
[

...........

_—

- IIIIII|

n., = 20 p; > 500 MeV, |n| < 2.5
7> 300 ps
ATLAS \s=8TeV

== Data 2012

— PYTHIA 8 A2

—+ PYTHIA 8 Monash
EPOS LHC

== QGSJET II-04

K4 T 8
,': \f‘
".dm

T T[T T T

AT IR BT

[ T T 17 T T T T T
ng, = 50, D_ > 500 MeV,
T> 300 ps

__ATLAS \s=8TeV

In| < 2.5

«. N

== Data 2012 RN

— PYTHIA 8 A2 S N

—- PYTHIA 8 Monash
-=- EPOS LHC ~, 3
-= QGSJET 11-04 )

il

Ll

,,,,,,,,,,,,,,,,,,
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Charged perticle multipliciies | Results 13 TeV

» 13 TeV result gives a new tuning point with large lever arm
- high precision measurements for two phase space definitions

- good description of data through EPOS for event quantities

- L B B B B B B L 3 T B S A BN

S [ ng=>2p >100MeV, [ <25 . S [ ng =2 p >100MeV, | <25 .

S gk t>300ps - = [ ©>300ps -

S [ ATLAS (s=13TeV - 2z 10 5 ATLAS Vs=13Tev

0.8 . 3 -

B ] < 10°°F =

- T g - 7] A TN 3

0.7_— """ ] N ’ N

Comvimrnimrsimim e e ] 10_35— « =

0'6? . - —e— Data i

3 - Data . 107"t — PYTHIA 8 A2 . —

05— — PYTHIA 8 A2 ] -~ —: PYTHIA 8 Monash 3

~L — - PYTHIA 8 Monash . " . EPOS LHC ]

----- EPOS LHC : 105 -~ QGSJET Il-04 S

0.4 == QGSJET II-04 — = _,_f

1.1 — ;

L P e T : © y
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l/NeV dNCh/dU

MC/Data

PHYS-PUB-2016-017

Charged particle multiplicities | Tuning

» Set of ATLAS measurements (0.9/7/13 TeV) used for PYTHIA tuning/testing
- ATLAS Pythia A3 starting from Monash tune, using NNPDF 2.3L.O PDF
- testing Pythia 8 description with Donnachie-Landshoff diffractive model

Vs [TeV] used measurements

0.9 charged particle distribution

charged particle distribution, transverse energy flow, fiducial inelastic cross-section,

! rapidity gap analysis

13 charged particle distribution, fiducial inelastic cross-section

Charged particle ), track p; > 500 MeV, for N, > 1 Charged particle n, p; > 500 MeV, |n| < 2.5, 7 > 300 ps

Charged particle n, p1 > 500 MeV, |n| < 2.5, for N, > 1
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https://cds.cern.ch/record/2206965/files/ATL-PHYS-PUB-2016-017.pdf

*without strange baryon removal

pr > 0.5 GeV, neh > 1

s [TeV] dNecw/dn [ n=0 + stat + Sys References
0.9 1.343* 0.004 0.027
2.36 1.74* 0.019 0.058 NJP 13 (2011) 053033
7 2.43% 0.001 0.050
8 2.477 0.001 0.031 Eur. Phys. J. C (2016) 76:403
13 2.874 0.001 0.033 PLB (2016), Vol. 758, pp. 67-88
\ pt > 0.1 GeV, neh > 2
C\.! 7__ | | T I | [ T T | [ T 1 | {%i
C\i - + Data ATLAS £ arXiv:1606.01133
* [ —PYTHIA8 A2 &
—= 6 —- PYTHIA8 Monash
© [ e EPOS LHC
~_ 5[ - QGSJET II-04
=" |
B - eNs
.> 4__ \00\,5 """"""""""""""""
@ B s DR it
= B  PLPY
~ - e T Ny e

"
PYd
Pad
-
P
-
-

.
.
R ®

Charged particle
multiplicities
| Result Summary

(% .
“““““
- .

'
\
\
\‘

1 T > 30 ps (extrapolated)

[ ] | 1 | | | | ] | |- |
10° 10*
s [GeV]
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http://iopscience.iop.org/article/10.1088/1367-2630/13/5/053033/meta
http://link.springer.com/article/10.1140/epjc/s10052-016-4203-9
http://dx.doi.org/10.1016/j.physletb.2016.04.050
http://arxiv.org/abs/1606.01133

Underlying event (L

- analyses

» Charged particle measurement™ accompanying hard scatter

- partons not included in hard scatter (beam remnants)

- additional scatters in same p-p collision (multi parton interactions, MPI)

- contributions from initial (ISR) and final (FSR) gluon radiation

» phase space definition for the underlying event /

probe
leading jet / boson\A
Vs =7 TeV Vs =7 TeV

EPJ C (2014) 74:2965 EPJ C (2014) 74:3195

- measurements (leading track)

probe
A

—~

toward
|A¢| < 60°

_A¢

leading track
Vs =13 TeV

ATL-PHYS-PUB-2015-019

transverse
60° < |A¢| < 120°

transverse
60° < |A¢| < 120°

away
A¢| > 120°

Observable Definition
(d*Ng,/ dnd¢)  Number of tracks per unit 7—¢
(d*Y pr/dnde¢)  Scalar sum of track pr per unit

n—¢

*very similar/identical experimental technique and systematics as slides 3-8 \ 4
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http://link.springer.com/article/10.1140/epjc/s10052-014-2965-5
http://link.springer.com/article/10.1140/epjc/s10052-014-3195-6
https://cds.cern.ch/record/2037684/files/ATL-PHYS-PUB-2015-019.pdf

L L L B L r T 1]
p,>0.5GeV, mi<2.5 ATLAS Preliminary 3

Underlving event | Results

2.5 Vs=13TeV ]
—e— DATA (uncorrected) == EPOS .

2 == PYTHIAS8 A14  ceeee: PYTHIA 8 A2 ]
The

> [T HERWIG++ EE5 ~ —— PYTHIA 8 Monash
3 pad> 5 GeV

—fnt i &

» Leading track analysis

T Gev

al--llnelal-
pT

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

D)
......
---------------------------

- analysis separated into 3 regions

MC/Data MC/Data <d°Z p_/dn diA¢l> [GeV]

O~ loward ~  transverse = away
. 1.3 " - . .
- requirement on pr>1 GeV 1255 pead > 5 GeV
1 2
0.9 -
0.8 =
0.7 3
1.3 T r T —
' ' 1.2F® lead > 1 GeV =
» Good modelling by Pythia 8 tunes K i R
0.9
0.8
- shapes generally well modelled S
Al [rad]
;' C L L L L L L L L AL RN A C L ) L L L L LI LA BN
® 25 Transverse region ATLAS Preliminary & 25 Transverse region ATLAS Preliminary
S r s =13 TeV . 5 Vs =13 TeV .
é 2~ P> 0.5 GeV, nl<2.5 — \'S 2~ P> 0.5 GeV, nl<2.5 —
-g_ - pr*>1GeV - £ I pred>1 GeV -
Q151 = VAES -
— L _ L _
o [ C ]
g\ "": 1= _
O N ] B
\% B i B o
0.5— —e— DATA (uncorrected) == EPOS ] 0.5 " —e— DATA (uncorrected) == EPOS ]
N -==PYTHIA8A14  «eeee PYTHIA 8 A2 ] : === PYTHIA8 A14  «euee PYTHIA 8 A2 ]
------ HERWIG++ EE5S = PYTHIA 8 Monash ] ciere HERWIG++ EES == PYTHIA 8 Monash ]
0 [T T TR TN N SO S T R T T TR S N N SO TR TR (N SO S S 0 [T T S S T TN T TR (N S S S S N T S TR TR AN NN N N
S S
© ©
Q 0
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Conclusion

» ATLAS has a full set of minimum bias and underlying event analyses

- covering different centre of mass energies and phase space definitions

» Recent 8 TeV and 13 TeV improved sys. uncertainties significantly

- mainly due to better understanding of the tracker material
description after IBL insertion can still improve w.r.t. Run-1 description
nelps many other precision measurements

- petter understanding of strange lbaryon handling

» Rich dataset for generator tuning available
- data only corrected for detector effects, no model corrections/extrapolations

- data available as HepData

» Underlying event results of similar guality and importance

- give confidence in current UE simulation
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UE ‘ Event Shapes EPJ C (2016) 76(7):1-40

» Alternative way to look at UE is by looking at global event shape variables
- analyse the charged particle distributions in Z — £¢ at 7 TeV
- binned Iin transverse momentum bins of ee/uu candidate pairs

- comparison shows good agreement with HERWIG 7
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http://link.springer.com/article/10.1140/epjc/s10052-016-4176-8

