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a b s t r a c t

The Pythia program is a standard tool for the generation of events in high-energy collisions, comprising a
coherent set of physics models for the evolution from a few-body hard process to a complexmultiparticle
final state. It contains a library of hard processes, models for initial- and final-state parton showers,
matching and merging methods between hard processes and parton showers, multiparton interactions,
beam remnants, string fragmentation and particle decays. It also has a set of utilities and several interfaces
to external programs. Pythia 8.2 is the second main release after the complete rewrite from Fortran to
C++, and now has reached such a maturity that it offers a complete replacement for most applications,
notably for LHC physics studies. The many new features should allow an improved description of data.

New version program summary

Program title: Pythia 8.2
Catalogue identifier: ACTU_v4_0
Program summary URL: http://cpc.cs.qub.ac.uk/summaries/ACTU_v4_0.html
Program obtainable from: CPC Program Library, Queen’s University, Belfast, N. Ireland
Licensing provisions: GNU General Public Licence, version 2
No. of lines in distributed program, including test data, etc.: 478360
No. of bytes in distributed program, including test data, etc.: 14131810
Distribution format: tar.gz
Programming language: C++.
Computer: Commodity PCs, Macs.
Operating system: Linux, OS X; should also work on other systems.
RAM: ⇠10 megabytes
Classification: 11.2.

I This paper and its associated computer program are available via the Computer Physics Communication homepage on ScienceDirect (http://www.sciencedirect.com/
science/journal/00104655).⇤ Corresponding author.

E-mail address: torbjorn@thep.lu.se (T. Sjöstrand).
1 Now at Winton Capital Management, Zurich, Switzerland.
2 Now at Nordea Bank, Copenhagen, Denmark.

http://dx.doi.org/10.1016/j.cpc.2015.01.024
0010-4655/© 2015 Elsevier B.V. All rights reserved.

๏4 public versions (current 8.226) + 3 new authors (Ilkka Helenius, 
Leif Lönnblad, Nadine Fischer) since 8.200. 

๏Addition of gamma gamma, gamma hadron processes 

๏New UserHooks, possible for user to write own ME+PS plugins 

๏New Python interface, interface to MG5_aMC@NLO 

๏Automated parton-shower uncertainty bands



THE CHALLENGE OF BSM SEARCHES @ LHC

๏How does the BSM physics behave? Produce new particles, 
distribution shape changes, …  

• Leading order (often tree-level) is enough for a smoking gun, 
NLO to follow if needed. 

๏What does SM look like? 

• Since much larger cross sections than BSM, high precision 
needed, i.e. N(N)LO calculations are needed. 

• Specialised generators + merging techniques needed

In Pythia 8, we have a large number of BSM processes +  
interfaces to external generators +  

sophisticated LO/NLO merging



A LARGE LIST OF BSM PROCESSES

• BSM Higgs: Generic 2 Higgs doublet model 

• Flexible Yukawa assignments to get type I/II/III/IV models  

• EFT operators for anomalous couplings to gauge bosons 

•  CP violation possible 

• New Gauge bosons 

• Z’ with full interference with gamma 

• W’ 

• Horizontal gauge boson R 

• L-R symmetry 

• ZR and WR bosons corresponding to right-handed SU(2)



A LARGE LIST OF BSM PROCESSES

• 6x6 squark/slepton matrices allow processes with: CP/
Flavour/R-parity violation 

• All pair-production, RPV resonant production, and two-
body decays 

• Up to four body decays of staus (long-lived) 

• Can handle extra Higgses/higgsinos from NMSSM 

• Capable of hadronising exotic states i.e. baryon-number 
violating RPV, R-hadrons, (and also sextets, though not 
really SUSY)

Page 8 of 13 Eur. Phys. J. C (2012) 72:2238

Fig. 1 Illustration of the
assignment of Les Houches
colour tags in four different
exotic colour topologies. Lines
corresponding to colour
(anticolour) tags are drawn
above (below) the propagators.
Top left: sb → t̃∗ → t̄ χ̃0

1 .
Top right: e−e+ → Z0 →
(t̃∗ → sb)(t̃ → s̄b̄). Bottom left:
production of a colour-sextet
particle, assigned the fictitious
ID code 6000001; the negative
anti-colour tag (drawn below the
sextet propagator) is interpreted
as an additional (positive) colour
tag. Bottom right: a complicated
baryon-number-violating
cascade decay (of a hypothetical
fourth-generation fermion)
producing a total of three
colour-connected
baryon-number-violating
vertices; such topologies (with
three or more interconnected
colour junctions) cannot yet be
handled by PYTHIA’s string
fragmentation model [28]

Fig. 2 Gluon emission from RPV vertices with ϵ-tensor
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A LARGE LIST OF BSM PROCESSES

Hidden Valley (Secluded Sector) – 1BSM Physics 3: Hidden Valley (Secluded Sector)
What if new gauge groups at low energy scales, hidden by
potential barrier or weak couplings? (M. Strassler & K. Zurek, . . . )

Complete framework implemented in PYTHIA:
� New gauge group either Abelian U(1) or non-Abelian SU(N)

� 3 alternative production mechanisms
1) massive Z�: qq � Z� � qvqv
2) kinetic mixing: qq � � � �v � qvqv
3) massive Fv charged under both SM and hidden group

� Interleaved shower in
QCD, QED and HV sectors:
add qv � qv�v (and Fv)
or qv � qvgv, gv � gvgv,
which gives recoil effects
also in visible sector

L. Carloni & TS, JHEP 09 (2010) 105;
L. Carloni, J. Rathsman & TS, JHEP 04 (2011) 091

SM (Fermilab) Pythia8 for Beyond the Standard Model (BSM) Physics May 17, 2014 26 / 33

L. Carloni and T. Sjöstrand, JHEP 1009 (2010) 105

L. Carloni, J. Rathsman and T. Sjöstrand, JHEP 1104 (2011) 091

Showering and hadronisation in the presence of hidden 
gauge group

• Mediator particles charged under both groups 

• Normal QCD, QED radiation 

• Radiation into hidden valley photons (which then 
decay to SM via mixing with SM gauge bosons) 

• Radiation into hidden valley gluons which forms 
hidden sector mesons

Possible to use this implementation to study exotic signatures See e.g. “Emerging Jets” documented in 
Schwaller et al.  JHEP 1505 (2015) 059 including modified running of dark sector couplings.



A LARGE LIST OF BSM PROCESSES

• Extra dimensions  

• Randall-Sundrum 

• Large Extra-dim 

• Unparticles 

• Dark Matter 

• DM searches at the LHC are essentially mono-X searches 

• Currently, we have one mono-jet production mechanism 
for Dirac DM with vector mediator 

• New Dark matter mono-X processes in progress

PRELIMINARY



LINKS TO EXTERNAL PROGRAMS

• Interface to LHAPDF or other external PDF libraries. 

• External showers (e.g. VINCIA, DIRE) 

• Les Houches Accord files for reading events (LHEF) or 
runtime LHA interface. 

• Semi-internal processes*  

• HepMC output for programs like RIVET, Delphes etc. 

• Can be compiled as a plugin to ROOT. 

• Generalised SLHA input for any BSM model.* 

• Python interface 

• Plugin to generate events using MG5_aMC@NLO from 
within Pythia8 (using gridpack)



CHANGE DEFAULT BEHAVIOUR WITH USERHOOKS

UserHooks allow interruption of event generation at different stages.

• After setting up beams 

• After generating hard process 

• During showers (veto emissions etc.) 

• After showers (but before hadronisation) 

• During hadronisation 

• Modify cross section 

• Reject certain decays (or decay chains) 

• Add vertex information (e.g. for particles produced during showers) 

• …  



USERHOOK EXAMPLE: ANGULAR DISTRIBUTION IN DECAY

≠1.0 ≠0.8 ≠0.6 ≠0.4 ≠0.2 0.0 0.2 0.4 0.6 0.8
cos ◊
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Angular distribution of e+ in tt̄

With UserHook
Without UserHook

Change angular distribution of products of W based on polarisation 
from flat to                          or               for (+, —, 0) (1± cos ✓)2 sin2 ✓

(see example main62)



ADD YOUR OWN HARD PROCESS USING SEMI-INTERNAL PROCESSES

You can use the entire Pythia internal machinery by supplying only the 
matrix-element-squared for your process in terms of Pythia’s kinematic 
variables.

• In-built classes for  2→1, 2, 3 processes that the user can inherit 
from to write own ME using standard kinematic variables  

• Possible to use your own phase space generator if desired 

• New resonances can be added similarly for using “semi-internal 
resonance” for automatic calculation of width 

• Any new parameters needed by your theory can be provided using 
the extended SLHA interface.

see example main22



GIVE EXTERNAL PARAMETERS WITH YOUR OWN SLHA BLOCKS
3.1.1 QNUMBERS

The SLHA file should contain a QNUMBERS block [9] for each state not already associated with
an ID code (a.k.a. PDG code, see [1,11] for a list) in Pythia 8. For a hypothetical electrically
neutral colour-octet self-conjugate fermion (a.k.a. a gluino) that we wish to assign the code
7654321 and the name “balleron”, the structure of this block should be

BLOCK QNUMBERS 7654321 # balleron
1 0 # 3 times electric charge
2 2 # number of spin states (2S+1)
3 8 # colour rep (1: singlet, 3: triplet, 6: sextet, 8: octet)
4 0 # Particle/Antiparticle distinction (0=own anti)

For a non-selfconjugate particle, separate names can be given for the particle and its
antiparticle. For a heavy up-type quark,

BLOCK QNUMBERS 8765432 # yup yupbar
1 2 # 3 times electric charge
2 2 # number of spin states (2S+1)
3 3 # colour rep (1: singlet, 3: triplet, 6: sextet, 8: octet)
4 1 # Particle/Antiparticle distinction (0=own anti)

Note that the name(s) given after the # mark in the block definition are optional and
entirely up to the user. If present, they will be used, e.g., when printing out event records
with Pythia’s event.list() method.

The SM quantum numbers given in the QNUMBERS blocks are required by Pythia 8 for
QED and QCD showering, and for colour-flow tracing. (Currently, Pythia does not make
use of the spin information.) As a rule, we advise to avoid clashes with existing ID codes,
to the extent possible in the implementation. A useful rule of thumb is to only assign codes
higher than 3 million to new states, though one should be careful not to choose numbers
larger than a 32-bit computer integer can contain, which puts a cap at ∼ 2 billion.

3.1.2 MASS

The file should also contain the SLHA block MASS, which must, as a minimum, contain one
entry for each new state, in the form

BLOCK MASS
# ID code pole mass in GeV

7654321 800.0 # m(balleron)
8765432 600.0 # m(yup)

In principle, the block can also contain entries for SM particles. Here, some caution and
common sense must be applied, however. Allowing SLHA spectra to change hadron and/or
light-quark masses in Pythia 8 is strongly discouraged, as these parameters are used by the
parton-shower and hadronization models. Changing the b-quark mass, for instance, should
ideally be accompanied by a retuning of the b fragmentation parameters. Since this is not the
sort of question a BSM phenomenology study would normally address, by default, therefore,
Pythia 8 tries to protect against unintentional overwriting of the SM sector via the flag
SLHA:keepSM, which is on by default. To be more specific, this flag causes particle data
(including decay tables, see below) for ID codes in the ranges 1 – 24 and 81 – 999,999 to be
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ignored. Notably this includes Z0 (ID 23), W± (ID 24), and t (ID 6). The SM Higgs (ID 25),
however, may still be modified by the SLHA input, as may other particles with ID codes in
the range 25 – 80 and beyond 1,000,000. If you switch off this flag then also SM particles are
modified by SLHA input.

Alternatively, the parameter SLHA:minMassSM, with default value 100.0 GeV, can be spec-
ified to allow any particle with ID code below 1,000,000 to be modified, if its default mass in
Pythialies below some threshold value, given by this parameter. The default value of 100.0
allows SLHA input to modify the top quark, but not, e.g., the Z0 and W± bosons.

3.1.3 DECAY

The file may also include one or more SLHA decay tables [12]. New BSM particles without
decay tables will be treated as stable by Pythia 8. For coloured states, this may result in
errors at the hadronization stage, and/or in the possibly unintentional production of so-called
R-hadrons [25], with a reasonably generic model for the latter available in Pythia 8 [26]. On
the other hand, a redefinition of Pythia’s treatment of the decays of SM particles, like Z0 and
W± may be undesirable, since Pythia’s internal treatment is normally more sophisticated
(discussed briefly in sec. 2.4). Thus, again, caution and common sense is advised when
processing (B)SM particles through Pythia, with the protection parameters SLHA:keepSM

and SLHA:minMassSM described above also active for decay tables. An option for overriding the
automatic read-in of decay tables is also provided, by setting the flag SLHA:useDecayTable

= false.
The format for decay tables is [12]

# ID WIDTH in GeV
DECAY 7654321 2.034369169E+00 # balleron decays
# BR NDA ID1 ID2 ID3

9.900000000E-01 3 6 5 3 # BR( -> t b s )
1.000000000E-02 3 4 5 3 # BR( -> c b s )

Note that the branching ratios (BRs) must sum up to unity, hence zeroing individual
BRs is not a good way of switching modes off. Instead, Pythia 8 is equipped to interpret a
negative BR as a mode which is desired switched off for the present run, but which should be
treated as having the corresponding positive BR for purposes of normalization.

Finally, a note of warning on double counting. This may occur if a particle can decay via
an intermediate on-shell resonance. An example is H0 → q1q̄2q3q̄4 which may proceed via
H0 → WW followed by W → qq̄′. If branching ratios for bothH0 → WW andH0 → q1q̄2q3q̄4
are included, each with their full partial width, a double counting of the on-shell H0 → WW
contribution would result. (This would also show up as branching ratios summing to a value
greater than unity.) Such cases should be dealt with consistently, e.g., by subtracting off the
on-shell contributions from the H0 → q1q̄2q3q̄4 partial width.

3.2 Accessing the Information from a Semi-Internal Process

Already the original SLHA1 [12] allowed for the possibility to create user-defined blocks, be-
yond those defined by the accord itself. The only requirement is obviously that the block
names already defined in the accord(s) should not be usurped. The SLHA interface in
Pythia 8 will store the contents of all blocks, both standard and user-defined ones, as internal
vectors of strings.

8

particle name

LHE files already allow a lot of flexibility; new particles can be specified with 
quantum numbers



GIVE EXTERNAL PARAMETERS WITH YOUR OWN SLHA BLOCKS

These can be accessed from your process via the extended SLHA interface



MATCHING AND MERGING

Talk to Stefan Prestel to know more

A range of matching and merging algorithms are 
available as plugins 

‣ At tree-level: MLM, CKKW-L, UMEPS 

‣ At NLO: FxFx, UNLOPS, NL3

Nishita Desai 18 April 2013, MC4BSM 2013

ME + PS matching at NLO!
UNLOPS results.
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Lonnblad and Prestel; arXiv:1211.7278

Also available LO matching via new Unitarised  
ME+PS merging (UMEPS), MLM and CKKW-L.

UNLOPS

Lonnblad and Prestel; JH
EP(2013) 2013:166

NEW: User can write own ME+PS plugin using classes Merging() and MergingHook()

See examples main80-89 for details
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Figure 1: Illustration of the default renormalisation-scale variations for FSR, by a factor of 2 in each direction.
The central (default, unweighted) shower calculation is shown in blue, with /// hashing indicating the range
spanned by the variation weights. The dashed (red) and solid (yellow) lines represent the results of standalone
runs with µR = 0.5p? and µR = 2p? respectively. Left: without the NLO scale-compensation term. Right:
with the NLO scale-compensation term (the default setting). Distribution of 1-Thrust for e+e� ! hadrons at
the Z pole, excluding b-tagged events; ISR switched off; data from the L3 experiment [26].

include both types of variations (independent and correlated), and compare the results obtained at the
end of the run. From a practical point of view, the FSR ↵

s

choice mainly influences the amount of
broadening of the jets, while the ISR ↵

s

choice influences resummed aspects such as the combined re-
coil given to a hard system (e.g., a Z, W , or H boson, or a t¯t, dijet, or �+jet system) by ISR radiation
and also how many extra jets are created from ISR. The latter of course also depends on whether and
how corrections from higher-order matrix elements are being accounted for.

An illustration and validation of the automated renormalisation-scale variations is given in fig. 1,
for the case of FSR and the distribution of 1-Thrust in e+e� ! hadrons events at the Z pole, compared
to a measurement by the L3 experiment [26]. (QED ISR is switched off and b-tagged events are
excluded in this comparison.) First, we perform three separate dedicated runs, using µ

R

= 2p?
(solid yellow lines with square symbols), µ

R

= p? (the default choice, solid blue lines with dot
symbols), and µ

R

= 0.5p? (dashed red lines with open + symbols). For the central run, we also
included the automated weight variations presented here, for the same factor-2 µ

R

variations. The
range spanned by the reweighted central distribution is shown by the blue /// hashed areas. On
the left-hand side of fig. 1, the NLO scale-compensation term is switched off, and we see that the
results of the independent runs are faithfully reproduced by the reweighted central-run distributions.
(The small difference in the first bin is due to the absolute limit of |�↵

s

|  0.2 which we impose
in the reweighting framework.) On the right-hand side of fig. 1, the same distributions are shown,
but now with the NLO scale-compensation term switched on. The difference between the standalone
runs (where no compensation is applied) and the reweighted distributions illustrates the effect of the
compensation term.

A corresponding validation for the initial-state shower renormalisation-scale variations is given in
fig. 2, where we have chosen the transverse momentum of the lepton pair in Drell-Yan events as the
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•→ bands

AUTOMATED SHOWER UNCERTAINTY BANDS/WEIGHTS

R0
acc(t) =

P 0
acc(t)

Pacc(t)

In MC accept/reject algorithm:

∀ Accepted 
Branchings:

∀ Rejected 
Branchings: 

R0
rej(t) =

1� P 0
acc(t)

1� Pacc(t)

๏(Note: similar functionality also recently implemented in Herwig++ and Sherpa)

for all 
branchings

Giele, Kosower, Skands PRD84 (2011) 054003 

Mrenna, Skands Phys.Rev. D94 (2016) 074005

๏Idea: perform a shower with nominal settings 
•Ask: what would the probability of obtaining this event have been 
with different choices of μR, radiation kernels, … ? 
•Easy to calculate reweighting factors 

๏Output: vector of weights for each event 
•One for the nominal settings (unity) 
•+ Alternative weight for each variation           

https://arxiv.org/abs/1102.2126
http://arxiv.org/abs/arXiv:1605.08352


SUMMARY

•Hundreds of BSM production processes already available 

•Links to external ME generators via LHE, or via “semi-internal 
processes” 

•Modular, very versatile: you can modify/overload cross sections, 
decays, showers, phase space, hadronisation. 

•Sophisticated matching/merging machinery

• For more information, go to the online manual at: 
http://home.thep.lu.se/~torbjorn/pythia82html/Welcome.html 

• Capabilities of Pythia8 demonstrated in ~90 examples 

http://home.thep.lu.se/~torbjorn/pythia82html/Welcome.html

