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Underlying Event

Transﬁy ’\Qva rd
S o)

 Refers to anything that accompanies the
main hard scattering process:

o »Beam remnants
& > Multiple Parton Interactions (MPI)
| 4
m JT/ > Initial and Final State QCD Radiation
pp collision =
o * It is not possible to derive properties of UE
he el from first principles
we OF w scattering — Described by phenomenological Monte
’ : Carlo (MC) models including various tunes to
N experimental data
proton ™)
== e remnants
* > Underlying Event (UE)
MPI + soft
gluon emissions

~
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Leading Track Underlying Event at 13 TeV

JHEP 03 (2017) 157

leading charged particle

e 13TeV,L=1.6 nb™
* At least one hit in Minimum-Bias scintillators

e Presence of a leading track with pr of at least 1 GeV —
e fully efficient trigger
* Presence of the primary vertex; no second vertex with
60° < |Ag| < 1207 60° < |Ag| < 1207 four' or more traCkS
away — Contribution from tracks from additional interactions < 0.01%
iAgl > 120° — Rate of background events from non-colliding beams < 0.01%

» Tracks selection: pr> 0.5 GeV, |n| < 2.5 + quality cuts

transverse (min) transverse (max)

» Divide phase space into three regions with respect to the leading track in the event

« Within the transverse region, identify side with the maximum sum of track pt's (“trans-
max”) — the opposite side (“trans-min”) has maximum sensitivity to UE

— Study charged particle distributions in the tranfsverse region
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Monte Carlo Models & Tunes

 MC events were passed through the ATLAS detector simulation (Geant4)

Generator Version Tune PDF Tuned to
Pythia8 8.153 A2 MSTW2008LO UE/MB
Pythia8 8.186 A14  NNPDF2.3LO  UE/Jets } ATLAS tunes
Pythia8 8.186 Monash  NNPDF2.3LO MB/UE
Herwig++ 2.7.1 UE-MMHT MMHT2014LO  UE/DPS Tunes by
Epos 3.1 LHC . MB MC developers

* Tunes use data from different experiments to constrain different processes

* Focused on describing the Minimum-Bias or Underlying Event distributions
* Performed by MC developers or by ATLAS
— Pythia8 A14 is widely used in ATLAS for hard-process simulation
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* pr** > 1 GeV: Good description of the transverse region by EPOS, but EPOS is

significantly off in the region p'*® > 10 GeV
* There is no single model describing well both N¢, and 2 prin the same time
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Transverse Region with Minimum 2 pr
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Region with most sensitivity to Underlying Event

Significant variation in performance between the models
PYTHIA 8 Monash and Herwig7 give a good description in the plateau region
None of models describe well the initial rise between 1 and 5 GeV
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Transverse-diff
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* Difference (per-event) between observables in trans-max and trans-min regions
— The best sensitivity to contamination of hard-scattering in the transverse region

 Distribution shapes indicate systematic mismodelling by MC
— Tunes to these new 13 TeV data would be of benefit for physics studies in Run 2
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Hard Double Parton Scattering (DPS)

* Two hard parton interactions
occur in the same hadron-hadron A
interaction

— Pocket formula: Mr
B

A B
GAE M Osps Osps
DPST 5 T Oy

A B A B
. m O 5ps O gps _m O 5ps O sps

eff AB AB
2 O pps 2 f pps O ot

A(B)

S

O ps Is the inclusive cross section of single hard scattering A (B)

O (symmetry factorm=1ifA=B, m=2ifANB = &)

« O is a universal parameter of the proton:
» Assumed to be process and cut independent
» No dependence on sqrt s observed
» Measured to be 20-30% of Ginel
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DPS in Four-Jet Events

+ 7 TeV 2010 Data, L = 37.3 pb™, <> = 0.41
* Single-vertex events JHEP 11 (2016) 110
* Anti-kt jets with R = 0.6 s
* Four-jet events: pr' >42.5 GeV, p#°**>20 GeV, |n| < 4.4

Two dijet samples to match four-jet cuts: 1) pr'% > 20 GeV, 2) pr' > 42.5 GeV, p+* > 20 GeV
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Event Classification
« Alpgen interfaced to Jimmy and Herwig (AHJ) for multi-jets
» Event record is used to extract Single (SPS) and Double (DPS) parton scattering events
e Sherpa for SPS multi-jets
« Data events overlay for DPS events

Process type SPS Complete-DPS Semi-DPS
Number of jets matched to 0 2 1
secondary-scatter partons

AHJ, Sherpa for  Overlaid data dijets, Overlaid data
Modeled with validation AHJ for validation 3-jet + 1-jet events,

AHJ for validation

In MC, jets are matched to outgoing partons from
primary and secondary interactions

In data events overlay, require non-overlapping jets

Jet match to closest parton with p>™" > 15 GeV and
ARparton-jet < 1

fors = fspps + feops
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Discriminating Variables
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« Pairing can be ambiguous — use variables involving all possible jet combinations

* None of the variables provides clear separation between three classes

* The variables are correlated
— Use 21 variables for neural network training
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* Good separation between cDPS and others
« Separation between SPS and sDPS is difficult
* Fit sum of MC profiles to data:

D = (1 — feops— fspps) Msps + feops Mopps + fsops Mispps
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Results: fDPS

* fpps: fraction of DPS events in the inclusive 4-jet data sample

Sources of systematic uncertainties:

Source

Reweighting of AHJ
Jet energy and angular resolution

JES uncertainty

Total syst. uncertainty

_ +0.005 +0.033
fops = 0.092 F0007 (stat.) F)035 (syst.)
Post-fit distribution

- - A - SPS (AHY)
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(9%4)% of 4-jet events originate through Double Parton Scattering
— uncertainty dominated by jet energy scale variations
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Results: Effective Cross Section
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O [Mb]
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oeff = 14.9 fi% (stat.) igjé (Syst.) mb

JHEP 11 (2016) 110

* Uncertainty is systematics dominated

— Mostly due to jet energy scale
uncertainty

« Compatible with most of previous
measurements performed at different
centre-of-mass energies and with
different final states, except for two
measurements with double heavy vector
meson production by DY
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 Differential cross sections of variables sensitive to DPS are provided
» Gives a way to test various DPS MC models
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Summary

Leading track underlying event: JHEP 03 (2017) 157

 Track distributions in transverse region relative to the leading track have a
discriminating power between Monte Carlo models

* The understanding of track multiplicity & track pr sum in events with low-pr leading track
IS not complete

* Re-tuning using new 13 TeV data would be beneficial for Run-2 studies

Hard double parton scattering with four jets: JHEP 11 (2016) 110
* Non-trivial due to different possibilities of four jet matching to primary and secondary
partons

* (924)% of inclusive 4-jet events are due to DPS

» Extracted effective cross section of 15 mb suffers from systematic uncertainty (~30%),
mostly due to jet energy scale uncertainty

« Paper provides unfolded distributions sensitive to DPS
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Pytha A2

Transverse Npg density vs. pt_rk", Vs=7TeV Charged multiplicity > 6 at 7 TeV, track p| > 500 MeV
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- E = C | ! -
O08§ gl | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | 1 1 |§ 0.6 __l | | | | | | | | | | | | | T_I_T_I_ -—_I-—_-I-_—I_—_'_—Jl-
2 4 6 8 10 12 14 16 18 20 20 40 60 8o 100 120
p1 (leading track) [GeV] Na,
PDF pTORef ecomPow al reconnectRange
CTEQOLI 2.18 0.22 0.06 L> « Tunes to ATLAS 7 TeV UE and MB data
MSTW?2008 LO 1.90 0.30 0.03 2.28
CTEQ 6.6 1.73 0.16 0.03 5.12
CT10 1.70 0.16  0.10 4.67 ATL-PHYS-PUB-2011-014
MRST2007 LO* 2.39 0.24 0.01 1.76 S-PU 0 0
MRST2007 LO*x* 2.57 0.23  0.01 1.47

Table 4: Tuned MPI parameters for the A2/AU2 Pythia 8 tunings. 05/04/17 19



Pythia A14

Transverse N, vs. plﬁad in |7 < 2.5, incl jet events

jg 14 [ ATLAS Simulation Param CTEQ MSTW |NNPDF IHERA
N/ﬁ 12 SigmaProcess:alphaSvalue 0.144 0.140 0.140 | 0.141
o8 = —e— ATLAS Data SpaceShower :pTORef 1.30 1.62 1.56 1.61
we B U E — iﬁi;ﬁmﬁu SpaceShower :pTmaxFudge 0.95 0.92 0.91 0.95
os = — iu-;{TQETQW SpaceShower : pTdampFudge 1.21 1.14 1.05 1.10
on i - Al:-Nf\mDF SpaceShower:alphaSvalue 0.125 0.129 0.127 0.128
. u . L T AII"“HFR‘A“ By TimeShower:alphaSvalue 0.126 0.129 0.127 § 0.130
4 BeamRemnants:primordialKThard 1.72 1.82 1.88 1.83

g E ] _ .
g gE e MultipartonInteractions:pTORef 1.98 2.22 2.09 2.14
= o8 MultipartonInteractions:alphaSvalue 0.118 0.127 0.126 | 0.123
“E Ll - . BeamRemnants: reconnectRange 2.08 1.87 1.71 1.78

1o lead [~
. pr [GeV]
3-to-2 jet ratio for pI~ > 60 GeV (R = 0.6) Table 3: Tuned parameters for the A14 set of tunes

ATLAS Simulation

e ATLAS Data  Tunes to ATLAS Run-1 jet UE data, ttbar gap fractions

3-to-2 T N and 3-to-2 jet ratios

A14-CTEQ

jet ratio AL NNFDF * better description of UE distributions than for A2

——— A14-HERA

[dg/dplfad]zl/ [dU’/d'U]fad]ZZ

 DE— ATL-PHYS-PUB-2014-021

1.4
1.2

MC/Data

Hﬁnﬁ
|

0.8
0.6?(\\\\‘\\\\‘I\\\‘\\\\‘\\\I‘\\\\‘\\\\
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p(leading jet) [GeV]
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Pythia Monash

55 PP 7000 GeV 55 PP 7000 GeV
= e Zz <L
2 T TRNS <Sum(pT)> VSPp_, (In]<2.5, pT>O.1) 2 N TRNS <n_ > vs P, (nl<2.5, pT>O.5)
S [ w AT CN,. d [ = aTlas LN,
o~ 2[ ——PY8(Monash 13) W 03:00 5 2[ ——PY8(Monash 13) Mo2x00
A - —=— PY8(4C) 0.9+0.1 7 - —— PY8(4C) 0400
v . --x--PY8(2C) Wi12+02 . --x-PY8(2C) Mio4+02
1.5 — 1 .5_—
- g -
[ =
05 2 0.5 :
L f Data from Phys Rev. D83 (2011) 112001 £ - ¥ Data from Phys.Rev. D83 (2011) 112001 =
B Pythia 8.185 o B f Pythia 8.185 S
O B 1 1 1 1 1 1 1 1 | 1 1 1 1 1 1 1 1 ;_" O_ 1 1 1 1 1 1 1 1 | 1 1 1 1 2_"
14F 14F
2 C L
5 1.2 - 5
> - > ST 1B _ A _
E 1 |:| 't"'"""'""=l.i|_|-“. e __E E' ﬁ,,m—h E AL = E E—
= 0.8F W@Mﬁ@(xxxxxxxxx X W~ e e K Ky o = 0_3 &Mxxxxxxxxx Kooy WeogyeHooye -
0.6 :_ | | L1 | | | L1 | L1 | | | | L1 | 06 :_ | L1 | | | L1 | | | | L1 | L1 | |
0 5 10 0 0 10 15
P, (hardest track) [GeV] P, (hardest track) [GeV]

* Tunes to LHC MB, UE and Drell-Yan data (to constrain ISR and MPI parameters) and to
SPS + Tevatron data (for energy scale constraints)

1 (FSR) + 16 (String-breaking) + 3 (PDF + ME) + 5 (ISR + primordial kt) + 6 (MPI +
colour reconnection + diffractive)

— 31 parameter differs compared to default Pythia
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EPOS LHC Tune

« EPOS: Soft-QCD/cosmic-ray air-shower MC generator
» Gribov-Regge theory (QCD inspired effective-field theory)

« Hydrodynamic flow modeling in high-density regions + string-based hadronisation

» Doesn't use proton PDFs! (in the commonly used sense)

13—
- Transverse region

<t P, >05GeV, <25
e > 1GeV

LHC Run-1 data used for the tune:

« Total, elastic and inelastic pp cross section by
TOTEM

« Charged particle multiplicity in pp interactions
with ALICE

« Charged patrticles pt distribution in pp with
ATLAS and CMS

« Charged particles pt and eta distributions in

& Data
PYTHIA 8 A14

—— PYTHIA 8 Monash 1
--- Herwig7
— PYTHIA 8 A2 -

T I T T I_
ATLAS 1
[s=13TeV, 1.6 nb"

.....
]

Epos

PbPb and Pb-p collisions with ALICE, ATLAS
and CMS

Model/ Data
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Leading Track Underlying Event: Systematic Uncertainties
» Trigger and vertexing: systematic uncertainties found to be negligible

* Track reconstruction (uncertainty from imperfect knowledge of the material in inner

detector)

« Expected fraction of non-primary particles (decay products, interaction with detector

material)

« Unfolding (non-closure: non-reproduction of a known input; parameterisation: estimate
the stability of the fit method)

Observable

Range of values

Material ~ Non-primaries

Non-closure Parameterisation

Nen or 2, pr Vs. A
Nep or z PT VS. f.-)th‘.ad
(mean p1) vs. Nep

e . o plead
(mean prt) Vs. pr

0.9% 0.6%
0.5-1.0% 0.3-0.6%
0-0.5% 0-0.5%
0-0.4% 0-0.3%

0-0.6% 0-0.4%
0-2.5% 0-0.4%
— 0.5% (combined) —
— 0.5% (combined) —

Underlying event & DPS with ATLAS
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* The overlaid data dijet events were compared to DPS modelling by Alpgen + Herwig +
Jimmy

 The DPS fraction was determined in the AHJ Monte Carlo using the same template fit
technique and compared to the true value in the event record — a resonable agreement

cDPS model validation

cDPS (data, overlay) ATLAS
L cDPS (AHJ) Vs =7 TeV |
- cDPS (AHJ, o) .
- cDPS (AHJ, 0, @ o, ) .
—Anti-k; jets, R = 0.6 ]
i p1T =425 GeV
| p7** 220 GeV

M. |<44
- 1,234 —
D0=g <1.0
- sDPS —
I S Ml TN NI (N TN T N N TN TN M N NN NN SN NN N N
0 0.2 04 0.6 0.8 1
1. L2
- = =
lh,' 3 sDPS V3 cDPS

(a)

between the two was observed
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1/N dN/d(
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F T T T | T T T T T T | T T T | T T T | T T
4 - ATLAS sDPS (data, overlay) 7
| (s =7TeV sDPS (AH.J) -
i sDPS (AHJ, o) ]
; i sDPS (AHJ, o @ Gs,ﬁl_j_?-
L Anti-k, jets, R =06 i
i p; =425 GeV ]
i p2** 220 Gev -
21— _|
L m,,,, <44 ]
i 0.0= ‘;sl:-ps <1.0 ]
a]_ —]
I I R T B R R BT _1
0 0.2 04 06 0.8 1
1 42
=5 =S
/'3 sDPS \ cDPS
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