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PYTHIA event generator

(subset of) Physics covered in 8.3
• Different beam combinations:
ee, γγ, ep, γp, pp, pA, AA, DM

• Hard scattering: native LO, NLO+PS
with aMC@NLO and POWHEG-BOX

• Parton showers: Default, DIRE, VINCIA
• Multiparton interactions (MPIs):
Interleaved with shower evolution

• Soft physics: Diffraction, Elastic,
Hadronic (re-)scattering

• Hadronization: String fragmentation,
Color reconnection, Ropes & shoving
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Hadronization
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Hadronization in PYTHIA

The Lund string model
• Colour string between q and q,
linear string potential V(r) ∝ κr

• String breaking with symmetric
fragmentation function

f(z) ∝ (1− z)a
z exp(−bm2

T)

• Strings taken non-interacting
⇒ Universal fragmentation

• First experimental support
from 3-jet events in Petra

• Still main constraints from LEP

1977: Lund studies of hadronization begin
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to the Schr6dinger equation we introduce for the 
nth state the "mean size" l, and the "mean momen- 
tum" p. which are related by 

?z 
P" l (12) 

The energy of this state corresponds to the minimum 
of H as a function of l.. Thus we get 

 9 ( n  9 2 ) = x ~ @ ~  (13, M, ~ min n(l,,) = mln \ ~ -  + ~ 1, 

We note that the ground state energy agrees with 
the boson mass in the Schwinger model. A similar 
result is obtained in 2-dimensional QCD [10]. It 
should be remarked that linear potential models 
have been successfully applied to the charmonium 
system with 9e /4 r c -1  GeVfm -~ [11]. Using this 
value we get for the ground state above m = M 1 = 0.75 
GeV. (We note in passing that this value fits well 
to the mean mass of re, ~, p and ~o.) 

4. Particle Production 
We now turn to the situation when qc]-pairs are 
produced according to assumption 2 in the intro- 
duction. The production takes place at different 
space-time points (x,t) in which the field is non- 
vanishing. Energy and momentum will be conserved 
if q and ~ are produced at the same space-time point 
with zero momentum and afterwards move with 
increasing momenta in opposite directions with a 
vanishing force field in between 9 In a fully quantized 
theory it should of course also be possible to produce 
q and c~ with non-vanishing momenta. However, 
in 2-dimensional models the density of states is 
proportional to dp/p and states with low momenta 
should dominate. An excited state of the kind descri- 
bed above will not be stable but rather break up 
into different pieces. If these pieces do not correspond 
to ground states they will again break up etc. 
We will from now on focus our attention on a system, 
which originally contains qo and qo moving in 
opposite directions with very large energies 9 After 
some time the system will break into two parts by 
producing a q~ l -pa i r  at the space-time point 
(xa, tl) (see Fig. 3. The hatched space-time area is 
where the field is non-vanishing.) At a later time 
another pair q2q2 will be produced at (x2, tz) so that 
a boson can be formed by the pair qlq2. More 
q ~ pairs will be produced so that finally only ground 
state bosons exist. The energy of the ~tq/-boson is 

4re (x2 - xl) and its momentum (t 2 - t 0. Thus in 

order to get the correct boson mass m the point 
(x2, t2) must lie on the hyperbola H~ : 

~ ]  [(x 2 -  xl) 2 - ( t  2 -  tl) 2] = m z (14) 

B. Andersson et al. : A Semiclassical Model for Quark Jet Fragmentation 
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Fig. 3. The particles q0 and q0 move with large energies in opposite 
directions, q t] pairs are produced in the field at the space-time 
points (x t , ti), (x 2, tz) and (x3, ta). Bosons are formed by 0'1 q2, 
q2 q3 etc 

Fig. 4. The final picture when qo and q0 move with large energies 
in opposite directions. The field has broken at many places through 
production of q~ pairs. Bosons are formed which move with 
different velocities. The hatched area shows where the field is non 
vanishing 

which can be parametrized according to 

(x 2 - x 1 , t 2 - tl) = 2(cosh y, sinh y) (15) 

4re 
= - -  (16) g2 m 

Here 2 is the maximum distance between q and 
for the ground state in its c.m.s, and the parameter 
y can be identified with the rapidity of the boson 
in the original system. The point A1, where the 
hyperbola H1 crosses the world line ofqo, corresponds 
to a minimal value of y. For the next boson q2q3 
the minimal rapidity corresponds to the point A 2 
and will thus be larger than for the boson q l q 2  
because the length L 2 of the field between qo and 
q2 is shorter than the corresponding length L~ 
between q0 and ~ .  Hence the bosons on the average 
are ordered in rapidity. The field lengths decrease 
in a geometric fashion and thus the rapidities increase 
linearly. The final picture will be like the one Fig. 4. 
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B.Andersson, G. Gustafson, C. Peterson, Z. Physik C1 (1979) 105
(begun 1977, preprint 1978, published 1979):
• constant string tension  ⇡ 1 GeV/fm
• particle production (approximately) along hyperbola
• lightcone kinematics (p± = E ± pz)
• analytic, recursive procedure from one end
• no complete systems
• f (z) = 1 not left–right symmetric

Torbjörn Sjöstrand Past, Present and Future of the PYTHIA Event Generator slide 3/31

The string e↵ect – 2

String e↵ect (JADE, 1980) ⇡ coherence in nonperturbative context

Further numerous and detailed tests at LEP disfavour independent
fragmentation, so nowadays of historical interest only.

Torbjörn Sjöstrand PPP 7: Hadronization slide 30/47

[JADE: Phys.Lett.B 101 (1981) 129-134]
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Universality breaking in hadronic collisions

Colour reconnection (CR)
• Initial colour configuration
from PS splittings (large NC)

• Possible to find a preferred
(string-length minimizing)
configuration by altering the
colour connections

Available PYTHIA models
• MPI-based scheme (default)
• QCD-based scheme
• Baryon production
enhanced by junction-style
reconnection
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Figure 7. The four different allowed reconnection types. Type I (a) is the ordinary string
reconnection. Type II (b) is the formation of a connected junction antijunction pair. Type III (c)
is the formation of junction and antijunction, which are not directly connected. Type IV (d) is
similar to type II except that it allows for gluons to be added between the two junctions.

that the probabilities for two dipoles to be in a colour-coherent state can be found by the

standard SU(3) products. In full QCD, the probabilities for type I (dipole) and II (junction)

reconnections for q-q̄ dipoles are given by eq. (2.4) and (2.5) as P qq̄
I = 1/9 and P qq

II = 1/3,

respectively. For gg dipoles, the calculation is complicated slightly by the fact that eq. (2.1)

takes into account both the colour and anticolour charges of both of the gluons. With a

probability of P gg
I = 8/64 = 1/8 each, either “side” (colour or anticolour) of the gluons are

allowed to reconnect (for a 1/64 probability that CR is allowed on both sides). And with a

total probability of P gg
II = 20/64 = 5/16 either one or the other side is allowed a junction-

type reconnection (both sides would be equivalent to a dipole-style reconnection already

– 17 –
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Figure 20. The (a) Λ p⊥-distribution and (b) the Λ/K0
s p⊥-distribution as measured by the CMS

experiment [114]. All PYTHIA simulations were NSD with a lifetime cut-off (τmax = 10 mm/c)
and a rapidity cut on 2 (|y| < 2). The yellow error band represents the experimental 1σ deviation.

region, whereas too few Λ baryons are predicted in between. Thus the Λ baryons from

junctions tend to fall in the right region, however the effect is not large enough. An in-

teresting observation is that the ratio Λ/Ks is now well described in the low p⊥ region.

This shows that the problem with the p⊥ distribution is not specific to baryons but is more

generic. The discrepancy between data and the model for large p⊥ still exists, however

the baryon production in this region is primarily from diquark string breaks in jets and as

such is not really unique for the new CR model. It may point to a revision needed of the

spectrum of hard (leading?) baryon production in jets, which may not be unique to the pp

environment, see [34].

The problem in the low p⊥ domain is a common theme for all heavier hadrons (i.e.

anything but pions) and would be interesting to explore further. (E.g., a measurement of ρ

spectra could reveal whether it depends on the presence of strange quarks.) The PYTHIA

models predict a p⊥-distribution that peaks at lower values than what is actually observed.

To study this in more detail, one can calculate the average p⊥ for the identified hadrons and

plot it a function of their mass, as done e.g. by the STAR collaboration for pp collisions at

ECM = 200 GeV [118]. In purely longitudinal string fragmentation the expected result is a

roughly flat curve, since no correlation between the mass of the particle and p⊥ is present.

The flat prediction is altered when hadron decays and jet physics are included, leading to

the curve seen in figure 21. The prediction is also altered if the string is boosted (e.g.,

by partonic string endpoints), the boost is transferred to the final particles and for the

same boost velocity a heavy particle will gain more p⊥ than a light one. This effect can be

enhanced by CR, since minimisation of the λ-measure prefers reconnections among partons

moving in the same direction, thus creating boosted strings [75]. CR is therefore expected

to give a sharper rise of the 〈p⊥〉 vs mass distribution. Unfortunately, we do not observe

– 38 –

[Christiansen, Skands: JHEP 1508 (2015) 003] 5



Interacting strings

Rope hadronization
[Bierlich, Gustafson, Lönnblad, Tarasov: JHEP 03 (2015) 148]

• Introduce a finite width for the colour field
• Strings → Ropes

• Overlapping strings enhance string tension in
high-multiplicity collisions
• Strangeness and baryon enhancement

• Rope hadronization implemented into PYTHIA 8
String shoving
[Bierlich, Gustafson, Lönnblad: PLB 779 (2018) 58]

• Repulsion between overlapping strings produce
long-range correlations (the ridge effect)

LETTERS NATURE PHYSICS DOI: 10.1038/NPHYS4111
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Figure 1 | pT-di�erential yields of K0
S , ⇤+⇤, ⌅� +⌅

+ and ⌦� +⌦
+

measured in |y|<0.5. The results are shown for a selection of event
classes, indicated by roman numbers in brackets, with decreasing
multiplicity. The error bars show the statistical uncertainty, whereas the
empty boxes show the total systematic uncertainty. The data are scaled by
di�erent factors to improve the visibility. The dashed curves represent
Tsallis–Lévy fits to each individual distribution to extract integrated yields.
The indicated uncertainties all represent standard deviations.

hdNch/d⌘i. The mean pseudorapidity densities of primary charged
particles hdNch/d⌘i are measured at midrapidity, |⌘|<0.5. The
pT spectra become harder as the multiplicity increases, with the
hardening being more pronounced for higher-mass particles. A
similar observation was reported for p–Pb collisions10, where
this and several other features common with Pb–Pb collisions
are consistent with the appearance of collective behaviour at high
multiplicity8,11,19–23. In heavy-ion collisions these observations are
successfully described by models based on relativistic hydrody-
namics. In this framework, the pT distributions are determined by
particle emission from a collectively expanding thermal source28.
The blast-wave model29 is employed to analyse the spectral shapes
of K 0

S , ⇤ and ⌅ in the common highest multiplicity class (class
I). A simultaneous fit to all particles is performed following the
approach discussed in ref. 10 in the pT ranges 0–1.5, 0.6–2.9 and
0.6–2.9GeV/c, for K 0

S ,⇤ and ⌅ , respectively. The best fit describes
the data to better than 5% in the respective fit ranges, consistent
with particle production from a thermal source at temperature Tfo
expanding with a common transverse velocity h�Ti. The resulting
parameters, Tfo =163±10MeV and h�Ti = 0.49 ± 0.02, are
remarkably similar to the ones obtained in p–Pb collisions for an
event class with comparable hdNch/d⌘i (ref. 10).

The pT-integrated yields are computed from the data in the
measured ranges and using extrapolations to the unmeasured
regions. To extrapolate to the unmeasured region, the data were
fitted with a Tsallis–Lévy10 parametrization, which gives the best
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Figure 2 | pT-integrated yield ratios to pions (⇡+ +⇡�) as a function of
hdNch/d⌘imeasured in |y|<0.5. The error bars show the statistical
uncertainty, whereas the empty and dark-shaded boxes show the total
systematic uncertainty and the contribution uncorrelated across
multiplicity bins, respectively. The values are compared to calculations from
MC models30–32 and to results obtained in p–Pb and Pb–Pb collisions at the
LHC6,10,11. For Pb–Pb results the ratio 2⇤/(⇡+ +⇡�) is shown. The
indicated uncertainties all represent standard deviations.

description of the individual spectra for all particles and all
event classes over the full pT range (Fig. 1). Several other fit
functions (Boltzmann, mT-exponential, pT-exponential, blast wave,
Fermi–Dirac, Bose–Einstein) are employed to estimate the cor-
responding systematic uncertainties. The fraction of the extrapo-
lated yield for the highest(lowest) multiplicity event class is about
10(25)%, 16(36)%, 27(47)% for ⇤,⌅ and ⌦ , respectively, and is
negligible for K 0

S . The uncertainty on the extrapolation amounts
to about 2(6)%, 3(10)%, 4(13)% of the total yield for ⇤, ⌅ and
⌦ , respectively, and it is negligible for K 0

S . The total systematic
uncertainty on the pT-integrated yields amounts to 5(9)%, 7(12)%,
6(14)% and 9(18)% for K 0

S , ⇤,⌅ and ⌦ , respectively. A significant
fraction of this uncertainty is common to all multiplicity classes and
it is estimated to be about 5%, 6%, 6% and 9% for K 0

S ,⇤,⌅ and ⌦ ,
respectively. In Fig. 2, the ratios of the yields of K 0

S , ⇤,⌅ and ⌦ to
the pion (⇡+ +⇡�) yield as a function of hdNch/d⌘i are compared
to p–Pb and Pb–Pb results at the LHC6,10,11. A significant enhance-
ment of strange to non-strange hadron production is observed
with increasing particle multiplicity in pp collisions. The behaviour
observed in pp collisions resembles that of p–Pb collisions at a
slightly lower centre-of-mass energy11, in terms of both the values
of the ratios and their evolution with multiplicity. As no significant
dependence on the centre-of-mass energy is observed at the LHC
for inclusive inelastic collisions, the origin of strangeness production
in hadronic collisions is apparently driven by the characteristics
of the final state rather than by the collision system or energy. At
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Future e+e− colliders

Wish list for hadronization studies
• Identified hadrons with ∆|p| ≲ ΛQCD

⇒ Clean constraints for hadronization models,
including promptly decaying ones

• High statistics for ee → WW
⇒ Clean environment to study CR effects, no-CR

scenario excluded at 99.5% in LEP II
[Phys.Rept. 532 (2013) 119], see also a study for Higgs
decays [Christiansen , Sjöstrand: EPJC 75 (2015) 9, 441]

⇒ Interleaved resonance decays with parton
shower, implemented in VINCIA
[Brooks, Skands, Verheyen: arXiv:2108.10786]

Colour Reconnections 

P.  Skands 56

๏At LEP 2: hot topic (by QCD standards): “string drag" effect on W mass  
•No-CR excluded at 99.5% CL [Phys.Rept. 532 (2013) 119]  
•But no detailed (differential) information  

๏Future Lepton Collider: up to 10,000 times more WW 
•Turn the W mass problem around?  
•Use threshold scan + huge sample of semi-leptonic WW to measure mW  
•➤ input as constraint to make sensitive measurements of CR in hadronic WW
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Figure 3: Vincia FSR branchings as functions of ⇠ = ln p
2
?. Upper Pane: summed over all

radiators. Bottom Panes: separated into the three radiation classes described in the text. The
colour coding in the bottom panes is the same as in the top pane.

4.1 Interleaved Resonance Decays in ee ! tt̄

We take the Vincia sector-antenna shower [40] implemented in Pythia 8.306 [4] as our baseline
for illustrating the e↵ects of interleaving. (For the non-interleaved case, a detailed study of
Vincia’s treatment of radiation in top-quark decay can be found in [36].)

In all of the figures presented in this section, we take the conventional (sequential) treatment
of resonance decays as our baseline (purple), and compare with the new interleaved method with
a fixed scale equal to the width �0 (blue), or a dynamic scale choice, P (m), given by the inverse-
propagator distribution, eq. (4) (green). We note that the latter treatment is now the default in
Vincia since Pythia version 8.304 (while Pythia’s simple showers retain the sequential treatment
as default).

As a first simple test case, we consider e
+
e
�

! tt̄ at
p

s = 500GeV, for the same mass values
as were used in [33], mt = 173.3 GeV and mW = 80.385 GeV. To focus on the radiation emitted
from the top quarks (and their decays), we keep the W bosons stable, and QED bremsstrahlung
from the incoming beams is switched o↵.
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γγ collisions
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γγ collisions

• High-energy charged leptons radiate photons, approx. flux given by EPA:

f lγ(y,Q2) =
αem
2π

1+ (1− y)2
y

1
Q2

where y the light-cone fraction of the photon wrt. lepton momentum and
Q2 photon virtuality ⇒ γγ collisions

Direct photons

• Point-like initiator of the hard
process, “PDF” given by the flux

Resolved photons

• Low Q2 Photon may fluctuate
into a hadronic state ⇒ MPIs

• PDFs for partonic structure

8



Resolved photons

PDFs for for resolved photons
• DGLAP evolution contain term for γ → qq

∂fγi (x,Q
2)

∂log(Q2)
=

αem
2π e2i Piγ(x) +

αs(Q2)

2π
∑
j

∫ 1

x

dz
z Pij(z) fj(x/z,Q2)

• Convolute PDFs with the flux, save (y,Q2)

Initial state shower for resolved photons

x
f u
(x
,Q

2
)[
/α

E
M
]

x

γ (CJKL)
γ (SaSgam)
p (CTEQ6L)

Q2 = 10.0GeV2

u-quark

• The γ → qq splitting can collapse photon to unresolved state during evolution

dPa←b =
dQ2

Q2
αs
2π

x′fγa(x′,Q2)

xfγb(x,Q2)
Pa→bc(z)dz+

dQ2

Q2
αem
2π

e2b Pγ→bc(x)
fγb(x,Q2)

• MPIs allowed above the scale of such splitting (interleaved PS and MPIs)
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Comparison to LEP γγ data
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[OPAL: Phys. Lett. B651 (2007) 92-101]

OPAL data for charged-hadron dσ/dpT
• Data taken with √see = 161 and 172
GeV

• Based on anti-tagging of beam
leptons ⇒ (quasi-)real photons

PYTHIA results
• Contributions from resolved (low-pT)
and direct photons (high-pT)

• Sensitivity to MPIs at ≈few GeV
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Invariant mass dependence
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Can use OPAL data to
constrain MPI parameters
• W = invariant mass of γγ
system

• Larger contribution from
resolved processes with
higher W, also more MPIs

• Fit energy dependence
of MPI regulator pT,0

• Fitted result set as default in PYTHIA 8 for γγ

pγγT0 (
√
s) = 1.567 GeV+ 0.419 · log

[√
s/100 GeV

]
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Precision studies
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Precision in parton showers

Matching Fixed-order and parton showers
• Native PYTHIA: LO fixed order ⊗ LL
resummation from parton shower (PS)

• Current standard for most of the
processes is NLO matched to PS
• In PYTHIA the NLO hard processes
typically provided with LHE files
(aMC@NLO and POWHEG-BOX)

• Also Matrix-element (ME) corrections
for the first splitting

J�i+?BM; � K2`;BM;

S?BHQbQT?v, *QK#BM2 KmHiB@D2i +�H+mH�iBQMb rBi? 2�+? Qi?2` �M/ rBi? bm#b2[m2Mi
b?Qr2` 7Q` K�tBK�H �++m`�+vX

J�i+?BM;, *QK#BM2 &n, n + 1'@T�`iQM
bi�i2b rBi? b?Qr2`X Pp2`H�T ?�M/H2/ #v
bm#i`�+iBQMX AM+`2�b2 T`2+BbBQM Q7 BM+HmbBp2
n@T�`iQM Q#b2`p�#H2b iQ LGPX

J2`;BM;, *QK#BM2 &n, n+1, . . . , n+m'@
T�`iQM bi�i2b rBi? b?Qr2`X Pp2`H�T
?�M/H2/ #v +mib � p2iQ2bX

LGP K2`;BM;, a�K2 �b K2`;BM;- #mi rBi?
bQK2 Qp2`H�T ?�M/H2/ #v bm#i`�+iBQMX LGP
T`2+BbBQM Q7 BM+HmbBp2 n + i@T�`iQM Q#b2`p@
�#H2b 7Q` r2HH@b2T�`�i2/ n + i D2ibX

8 f jj
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New native PS options in PYTHIA 8.3J�BM M2r T?vbB+b 72�im`2, L�iBp2 oBM+B�f.B`2

.27�mHi .B`2- oBM+B�

.27�mHi
! AKT`Qp2/ .:G�S 2pQHmiBQM BM p⊥ ! J1 +Q``2+iBQMb 7Q` Rbi bTHBiiBM;X
! Z*.- Z1.- 1q- ?B//2M p�HH2v ! 1ti2MbBp2 imMBM; 2tT2`iBb2X

oBM+B�

! *Q?2`2Mi 2pQHmiBQM BM Rf2BFQM�H- �M@
i2MM� T�ii2`M
! AKTH2K2Mib Bi2`�i2/ GP K�i`Bt 2H2@
K2Mi +Q``2+iBQMbX
! Z*.- Z1.- +Q?2`2M+2 BM `2bX /2+�vb

�

.B`2
! *Q?2`2Mi 2pQHmiBQM BM Rf2BFQM�H- bTHBi
BMiQ +QHHBM2�` `2;BQMb
! AKTH2K2Mib LGP +Q``2+iBQMb iQ 2pQ@
HmiBQM- K�i`Bt 2H2K2Mi +Q``2+iBQMb
! Z*.- Z1.- Bzv 1q- /�`F T?QiQMb

6Q` mb�;2- b22 K�BMkyy@kykX++ �M/ K�BMjyyX++ Ur?B+? �//b PT2MJSV
Ry f Rd

VINCIA
[Fischer, Prestel, Ritzmann, Skands: EPJC 11 (2016) 589]

• Coherent evolution (antenna pattern)
• Iterated LO ME corrections
• QCD, QED and EW (all splittings),
interleaved resonance decays

DIRE
[Höche, Prestel: EPJC 75 (2015) 9, 461]

• Coherent evolution, split into
collinear regions

• NLO corrections for the
evolution, ME corrections

• QCD, QED, ∼EW, dark photons 13



Future improvements

Proof of concept NNLO+PS in VINCIA
[Campbell, Höche, Li, Preuss, Skands:
arXiv:2108.07133]

• Focus on e+e− → Z → two jets
• Possible to adapt formalism also
to more complicated final states
but require more effort

• Publicly available ∼ 1-2 years

N3LO+PS with TOMTE1 method
1Third Order Mathced Transition Events
[Prestel: arXiv:2106.03206]

• Currently in proof-of-concept
state

• Tested for e+e− → jets
• Part of DIRE, unclear if a PYTHIA
implementation will follow
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Interfacing
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Interfacing ME and general-purpose generators

Les Houches event files (LHEF)

• Provide Parton-level ME generator based hard processes as a set of
four-momenta in <event>...</event> blocks

• Beam and relevant generator settings provided in <header>...</header>
• Can also include optional event information, such as PDF or scale variations

PYTHIA 8.3 interface

• Can read and write LHEF v1 and v3 formats
• Handles any number of xml tags (such as <event>, e.g. for NLO matching)
• Has handled #pdf tags from the beginning for PDF uncertainties
• Now handles also Madgraph scale variations consistently, shower variations
correctly propagated into HepMC (main89.cc)

• Possible to read in two hard processes in the same event 15



Interfacing ME and general-purpose generators

Possible extensions in LHEF

• Standard for separate shower starting scale setting for resonance decays,
currently some “private agreements” between POWHEG and PYTHIA

• Separation of photons emitted by bremsstrahlung and beamstrahlung
(relevant especially for linear e+e− colliders)
⇒ pT kicks can be large for the former but negligible for the latter
• Store intermediate γ kinematics for resolved photons (though currently not
many ME generators available)

What else?
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Summary & Outlook

PYTHIA 8.3
• Extensions to string hadronization
• Collision with (quasi-)real photons
• New shower models with improved
precision

• Generic LHEF (v1 and v3) interface
Upcoming features
• A new parallelization framework for
multithreading

• Further improvements in matching
precision
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