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MONTE CARLO SIMULATIONS

The University of Manchester

Why Monte Carlo?

@ Topology of collision events is complex
@ Calculating cross-sections at hadron colliders relies on convolving

o matrix elements (MEs) for the scattering process
o corresponding parton distribution functions (PDFs)

@ Monte Carlo simulations can relate these theoretical calculations to measurements

Monte Carlo predictions
o Outgoing partons fragment and hadronise (non perturbative)
o Radiation from initial and final-state partons together with MPI also important
o Non-perturbative effects described with phenomenological models

[Models have free parameters with values that must be determined by fitting to data]
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R MONTE CARLO EVENT STRUCTURE

The University of Manchester

Historically, Monte Carlo generators factorised events into independent pieces J
e
e @ Matrix Element: exact theoretical calculation
o up to stated accuracy (e.g. LO or NLO).
@ Parton Shower: QCD radiation matched to
the matrix element (bremsstrahlung).
@ Hadronisation: Phenomenological models
° describing non-perturbative effects.

[Interplay between ME and PS complicated at higher orders (eg. CKKW/MLM merging))
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CHALLENGES IN DESCRIBING DATA

The University of Manchester

Underlying event: any hadronic activity not associated with hard scattering process
@ Unavoidable background in collision events
@ Not well-predicted as non-perturbative effects dominate
@ Need to ensure that measurements are not dependent on details of model used

[Not possible to unambiguously assign particles to the hard scatter or UE]

Typically modelled with
@ Multiple parton interactions
@ Initial/final-state radiation

Overlaid collisions within the same bunch crossing (pileup) also complicate measurements )
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HISTORY OF MONTE CARLO TUNING

The University of Manchester

Monte Carlo generators

o Majority of effort has been devoted to tuning PYTHIA 6
o LHC experiments have also tuned HERWIG +JIMMY and PYTHIA 8
o HERWIG++ and SHERPA have so far been tuned by authors

o Correcting measurements to well-defined kinematic region

@ Important change in Tevatron — LHC transition (pioneered at ATLAS)

Professor/Rivet

@ Automated tuning framework

@ Generate lots of samples and use minimisation techniques to obtain best fit
@ Strong support from LHC experiments
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EXPERIMENTAL AREAS

The University of Manchester

Underlying event

@ Universality: studied in both jet events and Z events

Event and jet shapes
@ Sensitive to collinear ISR/FSR

Colour coherence

@ Sensitive to modelling of QCD correlations

Jet substructure
@ Modelling of QCD branching

Jet vetoes
@ Colour singlet/colour octet modelling
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CDF DATA CDF PRD82(2010) 034001 |

The University of Manchester

@ Three azimuthal regions defined wrt leading
object (eg. jet or vector boson)

TransMAX and transMIN Charged Particle Density: dN/dndg |
4

F~ CDF Run2 Preliminary 271"
35 P> 05 GeVicand n| <1

TransMAX Drell-Yan PYTHIA Tune AW
TransMAX Drell-Yan Data

TransMIN Drell-Yan PYTHIA Tune AW
TransMIN Drel-Yan Data

TransMAX Leading Jet PYTHIA Tune A
TransMAX Leading Jet Data

TransMIN Leading Jet PYTHIA Tune A
TransMIN Leading Jet Data

leading jet

towards

49| <60° 70< M, < 110 Gev/@

transverse transverse
60° < |Ag| < 120° 60° < [A¢| < 120°

Number of Charged Particles Density

away ful [}' ‘{3 0 .0.0...0 Lo s0k.106.801 &
—i—s * T

|A¢| > 120° oL L L L L L \

0 10 20 30 40 50 80 1

Transverse Momentum of Lepton Pair or Leading Jet (GeV/c)

Divide into trans-max and trans-min

Underlying event activity very similar between
Z-boson and jet events
@ Transverse: depleted of QCD activity related to

hard-scatter
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The University of Manchester

o Tunes agreed with CDF
data

z
g

@ ... but not with 900 GeV
ATLAS data!

Underlying Event

PRE-LHC TUNES

p, >500 MeV, In1<25n,21

=
(=]

ATLAS
\s=900GeV ]

1N, TN, fdn,,

== Data 2009

— PYTHIA ATLAS MC09
- PYTHIA ATLAS MC09c

PYTHIA DW

PYTHIA Perugia0

P Y

0.5C — pata Uncertainties *
[ oo MC / Data
0%=16"""20""30

Nen
@ Large deviations — new tunes needed

J.E.M. Robinson

ATLAS PLB 688 (2010) 21
ATLAS ATL-PHYS-PUB-2011-014 J

@ UE no longer modelled as
average to be subtracted
from each event

Charged multiplicity > 20 at 7 TeV, track p; > 100MeV.
U R R R

—e— ATLAS data
~——— AMBT2B (LO*)
——— AMBT2B (CTogMC2)
- -~ AMBTB (LOY)

20 40 60 80 100 120 140 160 180 200
e

@ Separate charged+neutral

components
@ Much better agreement
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UNDERLYING EVENT IN JETS ATLAS ATLAS-CONF-2012-164

CMS EPJC73(2013) 2674 J
The University of Manchester .
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. L. ns“"> 12, Ing, | > 25 A
@ Study interplay of MPl and QCD radiation of P> 500000) M <25 Moot 3
@ Flat >~ pr in exclusive dijets — MPI independent s 2F -~
B b :
of hard process Q oof E
= os =
@ HERWIG++ better inclusive; PYTHIA exclusive 20 30 40 W
peee [Ge
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H ER UNDERLYING EVENT IN
7-BOSON PRODUCTION CMS EPIC 72(2012) 2080 )

The University of Manchester

@ Energy density in transverse region T 25 e
3 [ ing i CMS \5=7 TeV
o Sensitive to ISR and MPI (no QCD FSR) E [ > Data Leading jet
@ HERWIG++: MPI saturation (pT > 40 GeV) "~ 2 - Data Dreli-van
ot [ »ﬁ%’i
2 24 oo CMS \s=7 TeV ¥ i Mﬁ}ﬁ}
% "'[ —MadGraph z2 2 151 Sacd
O 2.2F - PowhegZz2 g [ *
= r Pythia-8 4C 3 [
A T Y S Herwig++ LHC-UE7-2 = [
= r Herwig++ LHC-UE7-2 (no MPI) g - &+
% 18] - L
AL e
o L L e
N 1.6 L
v r 0.5r« charged particles
l4r- [® (p, > 0.5 GeVic, |nl < 2.0, 60° < |Ag} < 120°)
12p ) N Y R R
1% ) 0 20 40 - 60 80 100
r charged particles 5 N pleadlng et op puu [GeVic]
08F (p;>0.5GeVlc, In| < 2.0, 60° < |Ag] < 120°) T T
et = Gevic? < M, < 101 GeVc® @ UE well described by hadronic tunes
0

—— 2‘0 : ‘4‘0 — 6‘0 — 8‘0 100 — universality of MPI
pH [Gevic] @ 72 good with MADGRAPH (CTEQS6) but not
.

POWHEG (CT10)
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DOUBLE-PARTON SCATTERING IN

W-BOSON+JETS PRODUCTION AU NIPIE (PR GERRER
CMS JHEP 03 (2014) 032 J

The University of Manchester

oMs (S=7Tev [La=sw’ @ Extract DPS component from final states
|3 02F —PvThiAs ' ' @ Independent/simultaneous production (o)
Z[2,0.18F — MADGRAPHS + PYTHIAS
5, E ** MADGRAPHS + PYTHIA8, no MPI
“'l' 50-15? — POWHEG2 + PYTHIAG
Z 0.14F -'- POWHEG2 + PYTHIA6, no MPI .
0.12f *Paa € 40~ —o— CMS (W + 2 jets)
il = [ = ATLAS (W +2jets)
F o° 35F —4— CDF (4 jets)
0.08F [ —— CDF (y + 3 jets)
0.06F [ —&— Corrected CDF (y + 3 jets)
0.04fF 30; —— DO (y + 3 jets)
E .. r —+— UA2 (4 jets - lower limit)
0'02? 25 AFS (4 jets - no errors given)
g (= == Uncertainty § 20
= 14 3 F
% LR g [ T SPUTIR T o 150 )
Qo osfE T ¥ E E /[
0= = 10F
g == Uncertainty ;
3 I *
8 e S Ll Ll
= 0.04 0.2 1 2 345
g == Uncertainty] /s [TeV]
s 3
b ]
(s} M
06 08 4 1 @ Good agreement between LHC and Tevatron
pT
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Event Shapes
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EVENT SHAPES

ATLAS EPJC72(2012) 2211
SEE ALSO TALK BY F. STOBER J

CMS CMS-PAS-SMP-12-022

The University of Manchester

@ Test colour connection; ISR/FSR modelling

o ———
&
> 0.35F ATLAS  iHh>250Gev, Iy [<1.0 |
CMS Preliminary \s=7TeV = —e— Data 2010 \s=7 Te
- T T T ] B osp IL dt=35pb’! Herwig++ B
03— (a) 320<p <390 GeVic ] 4 Alpgen
’ ¥y 7 . Pythia
- o] N -z
o [ —— Data (5fb) " 1
[~ - Pythia6 N
Loz Pythia6 Perugia-P0
£ [ --- pytniasD6T
3 [ - Pythia8 4C
% C Herwigt+23
P 01__ Madgraph+Pythia6-Z2
a
g
@
8 [a]
3 o
S g 7 6 5 4 3 =2
= [
n
Yo

2
P13
(pT,1+p7,2)?
@ PYTHIA/ALPGEN better than HERWIG++
@ LO+PS gives reasonable description of multi-jet
event shapes

- @ Third jet resolution: y23 =

@ Transverse thrust: 7| = 1 — max Zilpraitar|
Zi PT,i

o MADGRAPH gives best agreement

@ Not sensitive to MPI
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Jet Shapes
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JET SHAPES ATLAS EPJC 73 (2013) 2676

CMS JHEP 06 (2012) 160 J
The University of Manchester

@ b-jets broader than light-quark jets o= pr/ Z pr
@ POWHEG, MC@NLO both agree well risr . m<R

s ‘ A
S S e osf CMSILdt:Bpr
Sre ATLAS fs-7Tev J.Ldt=1.aib" S B E%= pp Data(15=7TeV)
v L . ' —— Pythia Tune Z2
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Pythia Perugia2010
Pythia Tune D6T
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)
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b e
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S}
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4
o

PowHeg/Data MC@NLO/Data
=3
o

>

005 01 015 02 025 03 035 0.
r

@ Large high pr spread (Perugia2010 best)
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Colour Coherence
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COLOUR COHERENCE

CMS arXiv:1311.5815
SEE ALSO TALK BY F. STOBER

The Un|ver5|ty of Manch fester

a coloured object depends o oo, 1

| cMS Simulation

@ Emission o

on other coloured objects in the event. oL i
@ Direction of third jet emission gives I |
information about colour coherence. o o 2nddet ]

@ No Monte Carlo describes the data well
— colour coherence effects needed 3

2 i
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E d

Lovwn b b b b bgrens b b b Lo e |
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BOOSTED JETS
ATLAS JHEP 1205 (2012) 128

CMS JHEP 05 (2013) 090

SEE ALSO TALK BY G. KASIECZKA

The University of Manchester

CMS Preliminary, L = 5 ft at \5 = 7 TeV, Trimmed AK7 Dijets
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0 £ ] T IET
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o — 7
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@ Substructure in boosted jets used to distinguish between QCD and heavy decays
@ Undo jet clustering and look for a mass drop
@ LO+PS Monte Carlo performs well
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k| SPLITTING

SEE ALSO TALK BY G. KASIECZKA

The University of Manchester

k, algorithm
AR?j
R2

dij = min (P’QM’ pg[‘j) dip = P2T7;

ATLAS EPJC73 5(2013) 2432

2

B

2

b2
Ps

@ Look at iterative QCD branching in W + jets events (W — {v)
@ Splitting scales 1/ dj; obtained by reversing algorithm

Jet Substructure J.E.M. Robinson
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R k| SPLITTING

ATLAS EPJC73 5(2013) 2432 )
SEE ALSO TALK BY G. KASIECZKA

The University of Manchester

k, algorithm
ARZ

)

R2

P1
B, /\/

dij = min (P’QM’ pg[‘j) dip = P2T7;

@ Look at iterative QCD branching in W + jets events (W — {v)
@ Splitting scales 1/ dj; obtained by reversing algorithm
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R k| SPLITTING

SEE ALSO TALK BY G. KASIECZKA

The University of Manchester

k, algorithm
ARZ

dij = min (P’Ql‘i’ p?rj) Tzw dip = p3;

ATLAS EPJC73 5(2013) 2432

2

d1:d1B:p2T,1

B,

@ Look at iterative QCD branching in W + jets events (W — {v)
@ Splitting scales 1/ dj; obtained by reversing algorithm

Jet Substructure J.E.M. Robinson
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R k| SPLITTING

SEE ALSO TALK BY G. KASIECZKA

The University of Manchester

k, algorithm
ARZ

dij = min (P’Qri’ P’Q[‘j) Tzw dip = p3;

ATLAS EPJC73 5(2013) 2432

J

dozd(23)B:P2T,(23)

B,

@ Look at iterative QCD branching in W + jets events (W — {v)
@ Splitting scales 1/ dj; obtained by reversing algorithm

Jet Substructure J.E.M. Robinson
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k| SPLITTING
ATLAS EPJC 73 5 (2013) 2432

SEE ALSO TALK BY G. KASIECZKA )

The University of Manchester

—— SHERPA (MENLOPS)
----- Mc@NLo

——— POWHEG+PYTHIAG TyoE=A
——— POWHEG+PYTHIA8 e

;‘ 10—1 LI N ‘ T

2 ATLAS

= Data2010 -5
- J/s=7TeV 3

@ [ Ldt=36pb1~
k] W — pv 3
3 —e— Data (Syst + stat unc.) |
L —— ALPGEN+HERWIG 3

E =
o 151 Il =
T B =i, |
[a) i =====1 —— = — |
= E — L B
05 R E
E L L1 \\\‘ L L \'?’1 \1;§——4v— —:

1 10! 10

@ Multi-leg (ALPGEN +HERWIG / SHERPA) exact tree level predictions
@ Outperform NLO+PS (POWHEG / MC@NLO) in high pr tails
@ Even true for v/dp for which they have the same formal accuracy
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JET VETOES ATLAS JHEP 1109 (2011) 053
DO PRD 88 092001 (2013) J

The University of Manchester

07T T T
[ -5 02,37, W(- ev)+22jets+X

(most rapidity-separated jets)
NLO Blackhat+Sherpa

\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
[ 240 < B, <270GeV (+3) = pata 2010
210 < B, <240Gev (+25) [ HED (parton level)
180 < P, <210Gev (+2) POWHEG + PYTHIA
150 < B, <180 GeV (+15) ** POWHEG + HERWIG
120 < B, <150 GeV (+1)
90 5 §,<120GeV (+08)
70, <90Gev (+0)

4 - ATLAS
s =

© Alpgen+Pythia
EF Alpgen+Herwig

Gap fraction
»
T

Leading p, dijet selection
Q,=20Gev

T
mr <«0OB> o

Probability of third jet emission

v jet
i' Reong=0.5, p‘ '>20 GeV, |y“|<3.
ER MW>40 GeVp>20 Gev ]

st rapidity -separated jo

3444

Theory/Data
N

b
5

v
| |
2 3 4

8y(Jy)

@ Fraction of events with extra jet radiation

0 R I R I NN A

0 o2 s 4 s Ayﬁ @ Sensitive to BFKL/colour singlet effects

o HE] performs well at large Ay
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VBF 7Z +2J PRODUCTION

SEE ALSO TALK BY G. JONES

ATLAS arXiv:1401.7610

The University of Manchester

T
ATLAS

> -
2 1=
g Ee JLdt=2031"
£ o09f ; rv]E: 8 Tev
ey e igh-p, region
2 os8F -
5 F 0
o7 % o Direct test of ZWW coupling
O08F 4-oaacor) @ Only ~ 1% of Z +2j cross-section
F A\ Sherpa Zjj (QCD + EW) §
0.5 --- shepazi aco) @ Use jet veto to enhance
3 @ Extract colour singlet component from
g, L colour octet background
-
als F @ Benchmark for future weak-boson
3 fusion studies
o E
gls
H e e
a R v ¥
0.8
0 1 2 3
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SUMMARY

The University of Manchester

A large number of SM measurements have been made by LHC and Tevatron experiments
« impossible to discuss them all here

« dijet azimuthal decorrelations ATLAS PRL 106 (2011)172002; CMS PRL 106 (2011) 122003
- inclusive jet ratios ATLAS EPJC(2013) 73 2509; CMS CMS-PAS-SMP-13-002
« event shapesin Z +jets CMS PLB 722 (2013) 238-261

« V+jets shown in talk by G. Chiodini yesterday

Monte Carlo generators have been remarkably successful in predicting experimental results
@ experiments are providing distributions necessary for further Monte Carlo tuning work

Increased accuracy will be needed for LHC Run Il (eg. differential Higgs analyses)
@ improved modelling of low pT processes has a large effect on precision measurements

[Monte Carlo generator tuning is a complex but important area of study}
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RIVET/PROFESSOR WORKFLOW

The University of Manchester
A complete validation/tuning system

FHerwig Pythia 8
FPythia T
Charybdis e
AlpGen...
T - I
generate | 3
events ' . - o
| histos
histos
AGILe
.(C++ (S, histo
interfaces) binnings
\4 MC '
A histos
e events histos !
: rivet :

events

2/16
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RIVET/PROFESSOR WORKFLOW

The University of Manchester

Bundle reference data for standard analyses - mostly obtained direct from HepData

Ele Edit View History Delidous Bookmarks Tools Help

€ O O d Bl B (Slrwimep cedaracus

B a
) HepData search

an
The Durham HepData Project W Durham
| Reacrion Darasas: RIS

PARTON DISTRIBUTION FUNCTION SERVER * OTHER HEP RESOURCES

Reaction Database Standard Search Interface

Quick link to HepData data reviews
Database of Numerical HEP scattering cross sections
. ~ Sigle photon producton i hadronic interactions
Enter query: | Search e otast s o . 1o s o
examples: e gamma gamma. e p p > p pand obs 39, exp cer

.  DredYan crosssectons \
* bcluive prcleproductiondatan e+ o rerctors s E=S3
Search Holp - Output Help — Form Search — Browse Keywords * Fiadronic ot crosesectons (R) i o+ e nteractios
* Low-energy netrino cros sectons

= Event shapes inlepton lepton and lepton-nucleon interactions

Predefined event shape / jet searches. 3

The HepData Reaction Databass ecently moved from it T s ) o
hierarchical database, with its i to a new « Event shapes in exe. collsions

relational system using MySQL il aliow « Event shapes i non-e+e- calisions

better long-term management of the project and also improved searching and + Jet production (nany process)

display facilities Sl

© Jt production in non-e-e- colisions
Please send any comments or suggestions to hepdata@projects.hepforge.org

HegData s fnded by the UK STFC and osed at the outan 77
lease send questions and hepdata@projects heptorge.org

Monte Carlo histograms binned identically to reference data — automatic consistency.
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MONTE CARLO PARAMETERS

The University of Manchester

There are lots of parameters:
e PS: tinin, Qs OF AQOD

@ Hadronisation: depends strongly on model

@ String: string tension o, Lund a and b params, baryon suppression, flavour params
o Cluster: constituent masses, flavour params

@ UE: interaction form factor params (Gaussian width/p(r,h)oton radii), pIF"m, colour
reconnection params

o CKKW/MLM: ME/PS matching scale, factorization/renorm. scale

Can sometimes be tuned independently: e.g. kinematics, flavour, UE...depending on
analyses

Backup J.E.M. Robinson
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28 CDF UNDERLYING EVENT — (SLIDE 9)

The University of Manchester

CDF PRD 82 (2010) 034001

« PYTHIA6.2  Tune A (CDF Run | UE)
« PYTHIA6.2 Tune AW (CDF Run | UE+Z)
+ PYTHIA6.2  Tune DW (CDF Run | UE+Z+dijets)
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28 PRE-LHC TUNES — (SLIDE 10)

The University of Manchester

ATLAS PLB 688 (2010) 21
+ PYTHIA 6.421  ATLAS MCO9
+ PYTHIA 6.421  ATLAS MCO9c
+ PYTHIA 6.421  Tune DW (CDF Run | UE+Z+dijets)
+ PYTHIA 6.421  PerugiaO

ATLAS ATL-PHYS-PUB-2011-014
« PYTHIA 6.421 AMBT2B
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128 UNDERLYING EVENT IN JETS — (SLIDE 11)

The University of Manchester

CMS EPJC73(2013) 2674

« PYTHIA 6424 72
« PYTHIA 8.145 4C
« HERWIG++ 2.5 UE-EE-3M

ATLAS ATLAS-CONF-2012-164

+ PYTHIA 6.425 AUET2B
+ PYTHIA 6.421 Dw

+ PYTHIA 8.153 AU2

+ HERWIG 6.5.20/)IMMY 431  AUET2

+ HERWIG++ 2.5.1 UE7-2

+ ALPGEN +HERWIG/|IMMY AUET1
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(SLIDE 12)

The University of Manchester

CMS EPJC72(2012) 2080
+ MADGRAPHS5 72
+ POWHEG 72
+ PYTHIA 8 4C
* HERWIG++ LHC-UE7-2

Backup

J.E.M. Robinson

UNDERLYING EVENT IN Z-BOSON PRODUCTION —
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PRODUCTION — (SLIDE 13)

The University of Manchester

CMS JHEP 03 (2014) 032

+ MADGRAPH 5+PYTHIA 8 z2*
+ POWHEG 2+PYTHIA 6.425 4C
+ PYTHIA 8 4C

Backup J.E.M. Robinson

DOUBLE-PARTON SCATTERING IN W-BOSON+JETS
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28 EVENT SHAPES — (SLIDE 15)

The University of Manchester

CMS CMS-PAS-SMP-12-022
+ PYTHIA 6.426
+ PYTHIA 6.426
+ PYTHIA 6.426
+ PYTHIA 8.153
+ HERWIG++ 2.5
+ MADGRAPH 5.1.5.7+PYTHIA 6.426

ATLAS EPJC 72 (2012) 2211

+ PYTHIA 6.423
+ HERWIG++2.4.2

+ ALPGEN 2.13+HERWIG 6.510/)IMMY 4.31

Backup

72

PerugiaO

Dé6T (Tevatron)
4C

23

72

Perugia 2010

unknown

J.E.M. Robinson
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R

The University of Manchester

ATLAS EPJC 73 (2013) 2676
+ MC@NLO +HERWIG  unknown
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