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Hadronization
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Lund string model

QCDpotential between two colour charges

• String with a constant tension

⇒ Linearly increasing potential

F(r) = κ ⇒ V(r) ≈ κr,

where κ ≈ 1GeV/fm

• Stretching a colour string will lead to

breaking of the string

⇒ Will form a new qq̄ pair
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Lund string model

Where does the string break?

• String breaks causally

disconnected

• Can proceed in arbitrary order

⇒ Left-right symmetry

The Lund string model(s)

The “vertices” are related to tunneling probabilities that (together
with causality) produce the Lund symmetric fragmentation function

f(z) = (1 − z)a

z
exp

(

−bm2
⊥h

z

)

Note the p⊥-dependence required by momentum conservation!
Gluons are “just” excitations of the string (no new parameters).
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Lund symmetric fragmentation

function ansatz

f(z) ∝ (1− z)a

z
exp

[
−bm2

z

]
The a parameter The b parameter
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Figure 2: Illustration of the Lund symmetric fragmentation function (normalized to unity), for ai =
aj ⌘ a. Left: variation of the a parameter, from 0.1 (blue) to 0.9 (red), with fixed b. Right: variation
of the b parameter, from 0.5 (red) to 2 (blue) GeV�2, with fixed a.

illustration of the effect of varying the a and b parameters, for ai = aj ⌘ a, is given in fig. 2; see also
the lecture notes in [37]. Note that the �? parameter also affects the hardness, with larger �? values
generating harder hadrons, the difference being that the �? parameter acts mainly in the direction
transverse to the string5 (and is an absolute scale expressed in GeV), while the a and b parameters act
longitudinally (with z a relative scale expressed as a fraction of the endpoint’s energy).

In the context of this work, we included the possibility of letting the a parameter for strange
quarks be slightly different from that of u and d quarks, but did not find any significant advantages.
The relevant parameters in the code we settled on for the Monash tune are:

StringZ:aLund = 0.68
StringZ:bLund = 0.98
StringZ:aExtraDiquark = 0.97
StringZ:aExtraSquark = 0.00

The average hardness of the produced hadrons is tightly (anti-)correlated with the average multi-
plicity, via momentum conservation: if each hadron takes a lot of energy, then fewer hadrons must be
made, and vice versa. Thus, the �? value and the a and b parameters of the fragmentation function
can be well constrained by simultaneously considering both momentum and multiplicity spectra. In
order to be as universal as possible, one normally uses the inclusive charged-particle spectra for this
purpose. These are shown in fig. 3. (Note: the Fischer tune only included the average particle mul-
tiplicity as a constraint, so the full nch distribution is not expected to be reproduced perfectly [30].)
The momentum fraction in the right-hand plot is defined by:

xp =
2|p|

Ecm
. (4)

As above, the experimental data come from a measurement by L3 [26] which only includes the four
lightest flavours, thus excluding b quarks (which will be treated separately below).

Both of the earlier tunes exhibit a somewhat too broad multiplicity distribution in comparison
with the L3 data. The relatively large Lund a and b values used for the Monash tune, combined with

5Explicitly, �? expresses the p? broadening transverse to the string direction, but implicitly its size also enters in
the logitudinal fragmentation function, via the m2

? term in eq. (3), causing higher-p? hadrons to have relatively harder
longitudinal spectra as well.
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Colour reconnection (CR)

• Parton-shower splittings

provide an initial colour

configuration

• Reconnecting the coloured

partonsmight reduce the total

string tensoin

⇒ Junctions can lead to baryon

enhancement

⇒ Larger effects at high

multiplicities

Color reconnection
Plots from arXiv:1710.10906

Hadrons are formed from color
potentials between low-energy
partons. Data prefers non-
perturbative color rearrangement.

Herwig model now includes bary-
onic reconnection component &
non-perturbative g → ss̄.

Herwig 7

ALICE Data
Herwig 7.1 default
new model

10−4

10−3

10−2

10−1

Charged Multiplicity
√

(s) = 7 TeV
d

N
/

d
N

ch

10 20 30 40 50 60 70

0.6

0.8

1

1.2

1.4

Nch

M
C

/
D

at
a

Herwig 7

ALICE Data
Herwig 7.1 default
baryonic reconnection
g → ss̄ splittings
new model

10−3

10−2

10−1

1

K+ + K− yield in INEL pp collisions at
√

s = 7 TeV in |y| < 0.5.

1
N

in
el

d
2

N
d

p
T

d
y

(c
/

G
eV

)

1 2 3 4 5 6

0.6

0.8

1

1.2

1.4

pT (GeV/c)

M
C

/
D

at
a

Herwig 7

ALICE Data
Herwig 7.1 default
baryonic reconnection
g → ss̄ splittings
new model

10−4

10−3

10−2

10−1

p + p̄ yield in INEL pp collisions at
√

s = 7 TeV in |y| < 0.5.

1
N

in
el

d
2

N
d

p
T

d
y

(c
/

G
eV

)

1 2 3 4 5 6

0.6

0.8

1

1.2

1.4

pT (GeV/c)

M
C

/
D

at
a

15 / 18

[Figure by S. Prester]
4



Exercise V: Hadron production in e+e− at LEP

Exercise Va:

• Set beams and process

Beams:idA = 11
Beams:idB = -11
Beams:eCM = 91.18760
WeakSingleBoson:ffbar2gmZ = on

• Make Z boson to decay to qq̄ only

23:onMode = off
23:onIfAny = 1 2 3 4 5
PDF:lepton = off
SpaceShower:QEDshowerByL = off

ALEPH_1995_I382179

• π±, K± and p(p)

fragmentation functions at

Zmass peak,
√
s = mZ
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Exercise V: Hadron production in e+e− at LEP

Exercise Vb:

• Vary the Lund fragmentation

function parameters a and b

StringZ:aLund = 0.68
StringZ:bLund = 0.98

• Compare to data

• Important to consider several

particles (and observables!)
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Beam configurations
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Available beam configurations in Pythia 8

Hadronic collisions

• p-p: hard, soft and low-energy processes

• h-p, where h = π±,0,K±,0, ϕ0, . . .

Collisions with leptons

• e+e−, including γγ (also in p-p)

• e-p: (neutrino) DIS, photoproduction with soft

and hardQCD processes

Heavy-ion collisions with Angantyr

• A-A, p-A and h-A

• UPCswith proton target, also VMD-A

• Some cosmic-ray related processes

[OPAL: PLB 658 (2008) 185-192]
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Figure 14. The transverse momentum distribution of charged particles in the central pseudo-
rapidity region in inclusive pPb events.

Figure 15. Scaled
∑

E⊥ of charged particles at −3.7 < η < −1.7 and 2.8 < η < 5.1 from
Angantyr, compared with the ALICE V0 amplitude, data taken from ref. [53].

principle use the ALICE experimental definition of centrality, rather than the one from

ATLAS used in the previous section. In ALICE centrality is defined as percentiles of

the amplitude distribution obtained in the two V0 detectors, placed at −3.7 < η < −1.7

and 2.8 < η < 5.1. Since this amplitude is not unfolded to particle level, and cannot

be reproduced by Angantyr without realistic detector simulation, we instead construct a

reasonable particle level substitute for this measure. We assume that the V0 amplitude is

proportional to the total
∑

E⊥ from charged particles with p⊥ > 100 MeV in that region.

In figure 15 we compare the measured V0 amplitude [53] with the substitute observable,

scaled to match the bin just before the distribution drops sharply at high amplitudes. The

– 32 –

[C. Bierlich, G. Gustafson, L. Lönnblad, H. Shah: JHEP10(2018)134]
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Exercise VI: Dijet photoproduction at HERA

ZEUS_2001_I568665

• Dijet photoproduction in e+p collisions

Eproton = 820GeV

Eelectron = 27.5GeV

• Electron emits a (quasi-)real photon

• At least two jets with

pjet1T > 14GeV pjet2T > 11GeV

Two contributions

• Direct: Photon initiator for the hard process

• Resolved: Parton-from-photon-from-electron

⇒Generate events in separate runs

8



Exercise VI: Dijet photoproduction at HERA

Set up beams for HERA

Beams:idA = 2212
Beams:idB = 11
Beams:frameType = 2
Beams:eA = 820.
Beams:eB = 27.5
PDF:beamB2gamma = on

Process and settings

• Direct processes

PhotonParton:all = on

• Resolved processes

HardQCD:all = on

• Phase-space cuts

PhaseSpace:pTHatMin = 8.

• Modify prefT,0

MultipartonInteractions:
pT0Ref = 3. 9



Exercise VI: Dijet photoproduction at HERA

• Direct part (PhotonParton:all)

$ pythia8 -main93 -c main93.
cmnd -o ep-direct

• Resolved part (HardQCD:all)

$ pythia8 -main93 -c main93.
cmnd -o ep-resolved

• Combine samples

$ rivet -merge -o ep-merged.
yoda ep-direct.yoda ep-
resolved.yoda

10
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Exercise VI: Dijet photoproduction at HERA

Hadronization corrections

• Turn off the hadronization and

generate a combined sample

HardQCD:all = on
PhotonParton:all = on
HadronLevel:all = off

• Compare to previous result with

hadronization

• Hadronization shifts dijet events to

lower xγ

11
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Bonus exercise

Jet production in γγ collisions

• Study the onlinemanual how to set up

γγ in e+e−

• Check the configuration of

OPAL_2008_I754316

• Generate events and compare to data
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Summary

Pythia 8
• Long history with solid background

• Actively developed andmaintained

• Not just a black box that sprays particles

around

Further resources

• SciPost Phys. Codebases 8-r8.3 (2022)

• https://pythia.org

• https://gitlab.com/Pythia8/releases

• Contact: authors@pythia.org

• http://mcplots.cern.ch/

• https://rivet.hepforge.org

MPIMPI
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