
PYTHIA

Origins of Pythia
Modern event generators were born at DESY (Hamburg),
for the PETRA e+e− collider! (1978− 86, 13− 46 GeV)

I Combine perturbative picture of hard processes, involving
electroweak and strong interactions, with nonperturbative picture
of hadronization.

I Provide “complete” events, with parameters to be tuned to data,
and used to study and understand different kinds of physics.
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JETSET version 1 (November 1978)

RANF

≈ 200 punched cards
Fortran code

(Sjostrand/Soderberg)
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*

*https://en.wikipedia.org/wiki/Punched_card
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The Lund String Model
In QCD, for large charge separation, field lines seem to be
compressed to tubelike region(s)⇒ string(s)

by self-interactions among soft gluons in the “vacuum”.

Gives linear confinement with string tension:
F (r) ≈ const = κ ≈ 1 GeV/fm ⇐⇒ V (r) ≈ κr

String breaks into hadrons along its length,
with roughly uniform probability in rapidity,
by formation of new qq pairs that screen endpoint colors.
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Lund String Model: 2 jets
e+e− → qq

Consistent description of 2 jet topologies
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Lund String Model: 3 jets

(a) String vs (b) Independent (Feynman-Field) fragmentation

No new parameters introduced for gluon jets!
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Multiparton interactions modeling

Regularise cross section with p⊥0 as free parameter

dσ̂

dp2
⊥
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with energy dependence

p⊥0(ECM) = pref
⊥0 ×

(
ECM

Eref
CM

)ε

Matter profile in impact-parameter space gives time-integrated overlap
which determines level of activity:

Many colored partons produced close in space–time
⇒ color rearrangement; reduction of total string length
⇒ steeper 〈pT〉(nch)
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Full Disclosure
A large number of parameters need to be fit (tuned) to data to make predictions

Anonymous reviewer:
It is well-known in scientific computing that with enough parameters, all
discrepancies between simulation and data can be eliminated. However
if the underlying algorithms or model in the simulation are flawed, the re-
sulting over-parameterized, data-fit code still cannot predict new results
...

# Actual parameters < # Apparent parameters

Some parameters are just necessary choices (cutoffs, PDF, etc)

# Sensitive parameters < # Actual parameters

Amount of information in differential data� # Sensitive parameters

Perturbative, inclusive QCD calculations also have inputs: αs, µR , µF , PDFs
and is limited in predictions

Minimal # parameters ∼ 15− 20
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Parameter Tuning
A Challenging Problem!

Divide and Conquer

Start with data from electron-positron colliders

Removes complication of the beams

Know collision energy

· · · but limited range

Most data @ MZ ∼ 91 GeV
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Monash 2013 Tune Parameters

Final-state radiation (FSR) parameters.

FSR Parameters Monash 13 (Default) Comment

TimeShower:alphaSvalue = 0.1365 = 0.1383 ! Effective alphaS(mZ) value
TimeShower:alphaSorder = 1 = 1 ! Running order
TimeShower:alphaSuseCMW = off = off ! Translation from MS to CMW
TimeShower:pTmin = 0.50 = 0.40 ! Cutoff for QCD radiation
TimeShower:pTminChgQ = 0.50 = 0.40 ! Cutoff for QED radiation
TimeShower:phiPolAsym = on = on ! Asymmetric azimuth distributions

FSR: µ2
R = p2

⊥evol = z(1− z)Q2 ,

with Q2 = p2 −m2
0 the offshellness of the emitting parton (with on-shell mass m0), and z the

energy fraction appearing in the DGLAP splitting kernels, P(z).

pTmin :: avoid Landau pole
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String-breaking parameters.
HAD Parameters Monash 13 (Default) Comment

# String breaks: pT and z distributions
StringPT:sigma = 0.335 = 0.304 ! Soft pT in string breaks (in GeV)
StringPT:enhancedFraction = 0.01 = 0.01 ! Fraction of breakups with enhanced pT
StringPT:enhancedWidth = 2.0 = 2.0 ! Enhancement factor
StringZ:aLund = 0.68 = 0.3 ! Lund FF a (hard fragmentation supp)
StringZ:bLund = 0.98 = 0.8 ! Lund FF b (soft fragmentation supp)
StringZ:aExtraSquark = 0.0 = 0.0 ! Extra a when picking up an s quark
StringZ:aExtraDiquark = 0.97 = 0.50 ! Extra a when picking up a diquark
StringZ:rFactC = 1.32 = 1.00 ! Lund-Bowler c-quark parameter
StringZ:rFactB = 0.855 = 0.67 ! Lund-Bowler b-quark parameter
# Flavour composition: mesons
StringFlav:ProbStoUD = 0.217 = 0.19 ! Strangeness-to-UD ratio
StringFlav:mesonUDvector = 0.5 = 0.62 ! Light-flavour vector suppression
StringFlav:mesonSvector = 0.55 = 0.725 ! Strange vector suppression
StringFlav:mesonCvector = 0.88 = 1.06 ! Charm vector suppression
StringFlav:mesonBvector = 2.2 = 3.0 ! Bottom vector suppression
StringFlav:etaSup = 0.60 = 0.63 ! Suppression of eta mesons
StringFlav:etaPrimeSup = 0.12 = 0.12 ! Suppression of eta’ mesons
# Flavour composition: baryons
StringFlav:probQQtoQ = 0.081 = 0.09 ! Diquark rate (for baryon production)
StringFlav:probSQtoQQ = 0.915 = 1.000 ! Strange-diquark suppression
StringFlav:probQQ1toQQ0 = 0.0275 = 0.027 ! Vector diquark suppression
StringFlav:decupletSup = 1.0 = 1.0 ! Spin-3/2 baryon suppression
StringFlav:suppressLeadingB = off = off ! Optional leading-baryon suppression
StringFlav:popcornSpair = 0.9 = 0.5 !
StringFlav:popcornSmeson = 0.5 = 0.5 !
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Lund symmetric fragmentation function:

f (z) ∝
z(ai−aj )(1− z)aj

z
exp

(−bm2
⊥

z

)
z

pT
h
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Heavy Flavor Tuning

fmassive(z,mQ) ∝
f (z)

zbrQ m2
Q

g → cc̄, bb̄
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Universality Assumption

Final state effects (FSR, hadronization) are tuned in the relatively
clean e+e− environment

I Somewhat problematic, because kinematics is limited, e.g. not
much g → QQ splitting

Any differences in hadron collisions come from environment

I Color flow from initial to final state

I High density of colored partons

Must/should test this!
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Initial-state radiation (ISR) and primordial-kT parameters.

ISR Parameters Monash 13 (Default) Comment

SpaceShower:alphaSvalue = 0.1365 = 0.137 ! Effective alphaS(mZ) value
SpaceShower:alphaSorder = 1 = 1 ! Running order
SpaceShower:alphaSuseCMW = off = off ! Translation from MS to CMW
SpaceShower:samePTasMPI = off = off ! ISR cutoff type
SpaceShower:pT0Ref = 2.0 = 2.0 ! ISR pT0 cutoff
SpaceShower:ecmRef = 7000.0 = 1800.0 ! ISR pT0 reference ECM scale
SpaceShower:ecmPow = 0.0 = 0.0 ! ISR pT0 scaling power
SpaceShower:rapidityOrder = on = on ! Approx coherence via y-ordering
SpaceShower:phiPolAsym = on = on ! Azimuth asymmetries from gluon pol
SpaceShower:phiIntAsym = on = on ! Azimuth asymmetries from interference
TimeShower:dampenBeamRecoil = on = on ! Recoil dampening in final-initial dipoles
BeamRemnants:primordialKTsoft = 0.9 = 0.5 ! Primordial kT for soft procs
BeamRemnants:primordialKThard = 1.8 = 2.0 ! Primordial kT for hard procs
BeamRemnants:halfScaleForKT = 1.5 = 1.0 ! Primordial kT soft/hard boundary
BeamRemnants:halfMassForKT = 1.0 = 1.0 ! Primordial kT soft/hard mass boundary

17 / 35



PYTHIA

Parton Distribution Functions

Parton-distribution (PDF) and Matrix-Element (ME) parameters.

PDF and ME Parameters Monash 13 (Default) Comment

PDF:pSet = 13 = 8 ! PDF set for the proton
SigmaProcess:alphaSvalue = 0.130 0.135 ! alphaS(MZ) for matrix elements
MultiPartonInteractions:alphaSvalue = 0.130 0.135 ! alphaS(MZ) for MPI

Need to choose one:

I several independent groups/methodologies

Impacts physics in several places:

I parton shower

I multi-parton interactions

I kinematics of hard process

I used at high AND low Q2
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Multi-Parton-Interaction (MPI), Color-Reconnection (CR), and Diffractive parameters.

MPI Parameters Monash 13 (Default) Comment

MultipartonInteractions:pT0Ref = 2.28 = 2.085 ! MPI pT0 IR regularization scale
MultipartonInteractions:ecmRef = 7000.0 = 1800.0 ! MPI pT0 reference ECM scale
MultipartonInteractions:ecmPow = 0.215 = 0.19 ! MPI pT0 scaling power
MultipartonInteractions:bProfile = 3 = 3 ! Transverse matter overlap profile
MultipartonInteractions:expPow = 1.85 = 2.0 ! Shape parameter
BeamRemnants:reconnectRange = 1.8 = 1.5 ! Color Reconnections
SigmaTotal:zeroAXB = on = on ! Carried over from 4C
SigmaDiffractive:dampen = on = on ! Carried over from 4C
SigmaDiffractive:maxXB = 65.0 = 65.0 ! Carried over from 4C
SigmaDiffractive:maxAX = 65.0 = 65.0 ! Carried over from 4C
SigmaDiffractive:maxXX = 65.0 = 65.0 ! Carried over from 4C
Diffraction:largeMassSuppress = 4.0 = 2.0 ! High-mass diffraction suppression power
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Good description of Hard and Soft Physics
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Problems with flavor

Production of strange-flavored mesons and baryons
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The Eternal Struggle

Started out with intent to use simple principles.

Spent rest of life making increasingly complex
models/codes.

You spend 10% of the effort and code to get to 90% of the
physics, and then the going gets tough.

Particle physics is more complex than we would wish, but
simpler than it could have been.

Why stick with event generators?

Our objective is to understand physics, not to write code.

But often code offers a unique way to gain insight.
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Phenomenology of Color Reconnections

Needed to explain hadronic activity

Most sensitive distribution to tune

Only extreme CRs ruled out at LEP
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qqq̄
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g g
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Is this small enough to answer: Stable or Meta-stable?
Is there a lower minimum for our vacuum?
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What is the Future?

Current success of the Standard Model is surprising

Accumulating more and more data @ LHC – experimental
uncertainties pushing the theory calculations

Development of the parton shower and matching to matrix
elements is far from done (needed also for full
SU(3)× SU(2)×U(1)

Systematic appraisal of event generator uncertainties still
needed

Full treatment of EW physics at high energy is needed

Better treatment of photon radiation (ala YFS?)

Forays into νA interactions

· · ·
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Last Thoughts

Who will be writing event generators 20 years from now?

Who are we training?†

What are we training them to do?

Event generator physics is not just about having ideas and
writing some code. I think that part of the reason the PYTHIA

manual has been one the most-highly-cited physics papers
since 2012 is our dedication to the needs of the community.

†I have no students. For Törbjörn, banking jobs pay more. Peter has a good start
at Monash.
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Here is an example of what an event generator author has to do (in
just one random week):

GENSER at CERN reports an issue with PYTHIA6‡ when
compiled with the new gfortran-4.9 with respect to gfortran-
4.8. This occurs with “-O” but not “-g”. It has never occurred
in a previous version of gfortran. Fortunately, this is a prob-
lem I can reproduce. I print out event listings, and run code in
a debugger, and eventually find a line where the two calcula-
tions diverge. It looks like a compiler problem! My Computing
Division colleagues look at it and say the line violates the For-
tran 66 standard.§ Indeed, it is a 20 year old bug in the code,
unnoticed until this point. The code is rewritten, and we pre-
pare a new release.

‡We are not even officially supporting the FORTRAN version, but it was still used
by CMS and ATLAS and that is part of service work.

§I was alive, but barely.
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https:

//press3.mcs.anl.gov/hepfce/opportunities/

ME: mrenna@fnal.gov

30 / 35

https://press3.mcs.anl.gov/hepfce/opportunities/
https://press3.mcs.anl.gov/hepfce/opportunities/


PYTHIA
BACKUP
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The Lund Gluon Picture

Gluon = kink on string
Force ratio gluon/ quark = 2,
cf. QCD NC/CF = 9/4,→ 2 for NC → ∞
No new parameters introduced for gluon jets!
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Interleaved evolution

I Transverse-momentum-ordered parton showers for ISR/FSR

I MPI also ordered in pT

⇒ Allows interleaved evolution for ISR, FSR and MPI:

dP
dpT

=

(
dPMPI

dpT
+ ∑

dPISR

dpT
+ ∑

dPFSR

dpT

)
× exp

(
−
∫ p⊥max

pT

(
dPMPI

dp′T
+ ∑

dPISR

dp′T
+ ∑

dPFSR

dp′T

)
dp′T

)
Ordered in decreasing pT using “Sudakov” trick.
Corresponds to increasing “resolution”:
smaller pT fill in details of basic picture set at larger pT.

I Start from fixed hard interaction⇒ underlying event

I No separate hard interaction⇒ minbias events

I Possible to choose two hard interactions, e.g. W−W−
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Systematic tuning (vs Brute Force vs Expert)
RIVET: collection of experimental data,
together with matching analysis routines.
Can be applied to generator events
for comparison with data.

PROFESSOR: parameter tuning
in multidimensional parameter space.

I Generate large event samples at O(n2) random points
in (reasonable) parameter space. Slow!

I Analyze events and fill relevant histograms.

I For each bin of each histogram parametrize

XMC = A0 +
n

∑
i=1

Bipi +
n

∑
i=1

Cip
2
i +

n−1

∑
i=1

n

∑
j=i+1

Dijpipj

I Do minimization of χ2 on parametrized results. Fast!
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MCPLOTS

Repository of comparisons between various tunes and data,
mainly based on RIVET for data analysis,
see http://mcplots.cern.ch/.
Part of the LHC@home 2.0 platform for home computer participation.
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