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Preparations

e Download the Docker image:

$ docker pull hepstore/rivet-pythia

e Start the container and set up the current directory as a “host” directory
(This way you can open and modify files as they would be local files):

$ docker run -v $PWD:/host -it --rm hepstore/rivet-pythia
e Copy an example to your /host folder:

cd /host
../usr/local/share/Pythia8/examples/main0O1l.cc
../usr/local/share/Pythia8/examples/Makefilex*

e Compile and run the example:

$ make mainO1l && ./mainO1
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History of Pythia

...a local woman, the Pythia, would sit on a tripod and inhale the vapours. Her
more-or-less incoherent screams would be interpreted by the local priesthood, and
often presented as poems in perfect hexameter. Some of these became famous for
their ambiguity, and the disastrous consequences of a misinterpretation.

Similarly the PYTHIA code is intended to provide
you with answers to many questions you may have
about high-energy collisions, but it is then up to
you to use sane judgement when you interpret
these answers.
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Monte Carlo methods



Monte Carlo simulations

Method
e Based on numerical modelling and
statistics

e Sample “events” from known
distributions using
(pseudo-)random numbers

Useful when

e Distributions are difficult to handle
on pen and paper

e Multi-dimensional distributions
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Monte Carlo techniques II

Y

Hit-and-miss f
o Letf(X) < fmax INX € [Xmin, Xmax| m;: %\ Sdted
1. Sample x = Xmin + R1 (XmaxXmin)
2. Sampley = Rs fmax " pted
3. whiley > f(x) cycle to 1. 0 -
Importance sampling ;mi” T Tmax
o Pick g(x) such that f(x) < g(x) in 9(z)
X € [Xmin, Xmax/[, integral of g(x) (G(x)) o ected
known and G(x) ! simple
1. Sample x from g(x) (analytic) 1 pted
2. Sampley = Rg(x) 0 z
T Imax

3. whiley > f(x) cycle to 1. Zmin
[figures by T.Sjéstrand] o



Hit and miss example: Calculate value for =

Monte Carlo algorithm

N=100
1.0r= T T

1. Sample N pairs of random numbers
(x,y). %y €[0,1]

06"
0.4

0.2«

0'%.0 0.2 0.4 0.6 0.8 1.0
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Hit and miss example: Calculate value for =

Monte Carlo algorithm

1. Sample N pairs of random numbers
(x.y), %,y € [0, 1]
2. Calculate number of points within
aquarterof circlex? +y2 < 1
3. Approximated values
= 4 % Ninside/Niries
N value error
100 3.08 0.0616
1000 3.092 0.0496

10000 3.118 0.0236 e Statistical uncertaint 1
1
100000 3.14752 0.00593 YO N

1000000 3.14208 0.000487 10



Monte Carlo techniques III: The veto algorithm

Radioactive decays

e Probability P(t) proportional to the number of remaining nuclei N(t):

P(t) = —dggt) =cN(t) = N(t) = exp(—ct)

e What if c time dependent: P(t) = f(t) N(t)? Need to solve
t
T = TONO — NO=ex (- [ aie)) = e (- () - FO))
Assuming N(0) = 1 and F(oo0) = oo we can sample decay time t from
t = F*(F(0) - log(R))

o What if f(t) does not have F~1 (or even simple F)? Simple hit and miss with

f(t)/sg(t) would give t
P(t) = f(t)exp <_/o dt’g(t’))

11



Monte Carlo techniques III: The veto algorithm

e Assume that we have g(x) such that f(x) < g(x), G simple and invertible
1. Startwithi=0andty =0
2. Takethe nextstep:i=i-+1
3. Sample t; = G"1(G(t;_1) — log(R)) (start from the previous point!)
4. Sampley = Rg(t;)
5. whiley > f(t) cycle to 2., otherwise accept t;

Winner takes it all
e Have multiple possible decay channels
p(t) = - TN — fy(N(t) + FOINEY

Go ahead by combining f(t) = f1(t) + f2(t) and pick channel from f1(t) : f2(t), Or:
1. Sample t; from P1(t1) = f1(t1)N(t1)
2. Sample t, from Py(t2) = f2(t2)N(t2)

3. Pick channel with smaller t, continue from this 12



Hard process generation



Internally defined hard processes

QCD processes Top production

e Hard 2 — 2 partonic scatterings e tt pairs and single top

(some2 — 3) Higgs production

* Heavy-quark production e Standard-Model Higgs, also in
Electroweak processes association with other particles

e Prompt photon production e Beyond-the-Standard-Model

e EW boson production and exchange Higgs

o Deep inelastic scattering Beyond the Standard Model

« Photon collisions * Supersymmetry

e Dark Matter

Onia production

e Charmonioum, Bottomonium with Leptoquarks

different spin states ° .. 13



Phase-space sampling

e Factorized cross section for 2 — 2 scattering

N Y]
Oab = / (t-de,t\lea(XlaQ2)X2fb(X27Q2) da(s,dl;Q)7 > -7 <

where 7 = x3 x2 and y = 0.5 log(x1/x2) is the
rapidity of the outgoing particles

~ gmin <T< §mj
e 5 tand U are the (partonic) Mandelstam variables s s

p2 = U transverse momentum of the outgoing ~ —3|log 7| < y(r) < |log 7|
partons .

e Phase space parametrized with: 7,y and z, 1- s < -
where z = cos ) (instead of t) lz(7)] < \/1— 4p;’sm‘”

= Can define cuts for Smin, Smax PT,min aNd PT max

14



Phase-space biasing

e Phase-space sampling according to the cross section - Jet cross setion

—— hard QCD

= More events in regions where cross section large
= Difficult to populate all parts of the phase space

Example: dijet events

e Cross section of QCD 2 — 2 processes behave as

do/dppr [mb/GeV]

do 1
— X = 1079
de pq’ 10710
where n ~ 4 — 6 depending on collision energy |

pr[GeV]

e How to fullfill phase space with large pt span?

1. Generate events in smaller pr slices
2. Bias event sampling, compensate by assigning a weight for each event

15



Running Pythia

mainOl.cc

#include "Pythia8/Pythia.h"
using namespace Pythia8;
int mainQ) {

Pythia pythia;

pythia.readString("Beams:e(M = 80
pythia.readString("HardQ
pythia.readString("PhaseSpace:pTHatMin = 20.");
pythia.initQ;

Hist mult("charged multiplicity", 100, -0.5, 799.5);

for (int iEvent = @; iEvent < 100; ++iEvent) {
if (!pythia.next()) continue;

int nCharged = 0;
for (int i = @; i < pythia.event.size(Q); ++1)
if (pythia.event[i].isFinal() && pythia.event[i].isCharged())
++nCharged;
mult.fillC nCharged );

}
pythia.statQ;
cout << mult;
return 0;

Run as “main” programs

Set up beams (default
LHC@14TeV)

Pick hard process(es) and set
phase-space cuts

Generate an event
Analyse outgoing particles
Repeat n times

Collect results

16



Preparations

e Download the Docker image:

$ docker pull hepstore/rivet-pythia

e Start the container and set up the current directory as a “host” directory
(This way you can open and modify files as they would be local files):

$ docker run -v $PWD:/host -it --rm hepstore/rivet-pythia
e Copy an example to your /host folder:

cd /host
../usr/local/share/Pythia8/examples/main0O1l.cc
../usr/local/share/Pythia8/examples/Makefilex*

e Compile and run the example:

$ make mainO1l && ./mainO1

17



Excercise I: Phase-space biasing

e Start fromthemain01.ccexamplein /host

$ cp mainOl.cc mymainOl.cc

e Open mymainO1.cc with a text-editor, modify such that

pythia.readString("PhaseSpace:pTHatMin=50.");
pythia.readString("PartonLevel:all=off");
pythia.readString("HadronLevel:all=off");

Hist pTevent ("Hard-process-pT", 100, 0., 1000.);

e Within the event loop, save pt and fill histogram

double pTnow=pythia.info.pTHat();
pTevent.fill (pTnow) ;

e Increase the number of events to 10k, print histogram

cout << pTevent; 18




Exercise I: Phase-space biasing

2024-06-25 10:43 Hard-process pT
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Exercise I: Phase-space biasing

e Enable phase-space biasing:

pythia.readString("PhaseSpace:bias2Selection=on");
pythia.readString("PhaseSpace:bias2SelectionPow=4.");
pythia.readString("PhaseSpace:bias2SelectionRef=50.");

e Add another histogram

Hist pTweighted("Weighted-hard-process-pT",
1000.);

e Within the event loop, fill the new histogram including event weight

double weight = pythia.info.weight();
pTweighted.fill (pTnow,weight) ;

Print histograms

cout << pTevent << pTweighted; 20




Exercise I: Phase-space biasing

Modify bias2SelectionPow to get roughly aflat pr dependence, histogram with
weights should remain as before
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Exercise II: Inclusive jet production at the LHC

e Copy an example configuration to run with main93

$ cp ../usr/local/share/Pythia8/examples/main93.cmnd

¢ Include hard process and phase-space cuts from Excercise 1, remove
SoftQCD:all = on

Beams:eCM = 8000.
HardQCD:all =
PhaseSpace:pTHatMin = 50.

e Include Rivet analysis for inclusive jets by ATLAS, remove others

Main:analyses = ATLAS_2017_11604271

e Run generation for 10 000 events O(1 min)

$ pythia8-main93 -c main93.cmnd -o pp8TeV-flat

22



Exercise II: Inclusive jet production at the LHC

e Enable phase-space biasing from Excercise | inmain93. cmnd
e Generate 10 000 events O(3 min)

$ pythia8-main93 -c main93.cmnd -o pp8TeV-bias

e There are now two .yoda files, compare to data and plot

rivet -mkhtml pp8TeV-flat.yoda:flat pp8TeV-bias.yoda:bias

-0 html-jets

e Opentheresultinghtml-jets/index.html with a browser outside the container
Why Rivet? https://rivet.hepforge.org
e Allow for straightforward data comparison and plotting!

23
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Exercise II: Inclusive jet production at the LHC

Inclusive jet cross section (|y| < 0.5), R = 0.6 Final resu I‘t

% i T ‘ T T T T T T T ‘ E . .
SORTIRE P 4 e Runout of statistics at large pr
Ee) E a 3
Q. E . | . .
g; 103 bias = with flat phase-space sampling
S E 3
T 3 o Biasing the phase space with p!
LN ] . .

E and compensating with event

e E weight can help a lot
107 = . .
El A . N N e Fair agreement with the data

1‘4 7\ T ‘ T T T T T T L T E
s 13 ;’_D—:FE I F over several orders of
S }J% P e R T magnitude
= 88 = i

8:? | \r | E

102 103
pr [GeV]
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Class structure of Pythia

Main Program —— Output

Info
Pythia8Rivet
HepMC
Hist

Pythia 8.3 event generator

Event process Event event
b b

ProcessLevel PartonLevel HadronLevel
ProcessContainer | | TimeShower StringFragmentation
PhaseSpace SpaceShower Stringinteractions
SLHAinterface Dire, Vincia ParticleDecays
ResonanceDecay Multipleilnteractions | |BoseEinstein

I BeamRemnants LowEnergySigma

Merging
BeamParticle

SigmaProcess
SigmaTotal

Vec4, Rndm, ParticleData, PhysicsBase, UserHooks, Heavylons, ...
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