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Multiparton interactions

Regularise cross section with p⊥0 as free parameter
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Matter profile in impact-parameter space
gives time-integrated overlap which determines level of activity:
simple Gaussian or more peaked variants

ISR and MPI compete for beam momentum→ PDF rescaling
+ flavour effects (valence, qq pair companions, . . . )
+ correlated primordial k⊥ and colour in beam remnant

Many partons produced close in space–time⇒ colour rearrangement;
reduction of total string length⇒ steeper 〈p⊥〉(nch)

A second hard process

Multiple interactions key aspect
of PYTHIA since > 20 years.
Central to obtain agreement with data:
Tune A, Professor, Perugia, . . .

Before 8.1 no chance to select character of second interaction.
Now free choice of first process (including LHA/LHEF)
and second process combined from list:
• TwoJets (with TwoBJets as subsample)
• PhotonAndJet, TwoPhotons
• Charmonium, Bottomonium (colour octet framework)
• SingleGmZ, SingleW, GmZAndJet, WAndJet
• TopPair, SingleTop
Can be expanded among existing processes as need arises.

By default same phase space cuts as for “first” hard process
=⇒ second can be harder than first.
However, possible to set m̂ and p̂⊥ range separately.

Matter profile in impact-parameter space gives time-integrated overlap which 
determines level of activity: simple Gaussian or more peaked variants

ISR and MPI compete for beam momentum → PDF rescaling + flavour effects (valence, 
qq pair companions, . . . ) + correlated primordial k⊥ and colour in beam remnant

Many partons produced close in space–time 
⇒ colour rearrangement; reduction of total string length ⇒ steeper ⟨p⊥⟩(nch)

See, e.g., new MCnet Review: “General-purpose event generators for LHC physics”, arXiv:1101.2599

http://inspirebeta.net/record/884202
http://inspirebeta.net/record/884202
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Now free choice of first process (including LHA/LHEF) and second 
process combined from list:  

 • TwoJets (with TwoBJets as subsample)
 • PhotonAndJet, TwoPhotons
 • Charmonium, Bottomonium (colour octet framework)
 • SingleGmZ, SingleW, GmZAndJet, WAndJet
 • TopPair, SingleTop

Can be expanded among existing processes as need arises.

See the PYTHIA 8 online 
documentation, under 

“A Second Hard Process”
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Rescattering

Often
assume
that
MPI =

. . . but
should
also
include

Same order in αs, ∼ same propagators, but
• one PDF weight less⇒ smaller σ

• one jet less⇒ QCD radiation background 2 → 3 larger than 2 → 4

⇒ will be tough to find direct evidence.

Rescattering grows with number of “previous” scatterings:
Tevatron LHC

Min Bias QCD Jets Min Bias QCD Jets
Normal scattering 2.81 5.09 5.19 12.19
Single rescatterings 0.41 1.32 1.03 4.10
Double rescatterings 0.01 0.04 0.03 0.15

R. Corke & TS, JHEP 01 (2010) 035 [arXiv:0911.1909]
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Normal scattering 2.81 5.09 5.19 12.19
Single rescatterings 0.41 1.32 1.03 4.10
Double rescatterings 0.01 0.04 0.03 0.15

R. Corke & TS, JHEP 01 (2010) 035 [arXiv:0911.1909]Corke, Sjöstrand, JHEP 01(2010)035

http://arxiv.org/abs/1101.5953v1
http://arxiv.org/abs/1101.5953v1
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X-Dependent Proton Size

Default in PYTHIA (and all other MC*)
Factorization of longitudinal and transverse degrees of freedom

OK for inclusive measurements, but:
Physics: Shape = delta function at 0 for x → 1 

Can also be seen in lattice studies at high x

Gribov theory: high s ↔ low x ⇒ Growth of total cross section ↔ size grows ∝ ln(1/x)

BFKL “intuition”: “random walk” in x from few high-x partons at small b diffuse to larger b 
at smaller x (More formal: Balitsky/JIMWLK and Color Glass Condensates)

5

*: except DIPSY

f(x,b) = f(x) × g(b)
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BFKL “intuition”: “random walk” in x from few high-x partons at small b diffuse to larger b 
at smaller x (More formal: Balitsky/JIMWLK and Color Glass Condensates)

A Model for Phenomenological Studies
Basic assumption: Mass distribution = Gaussian.  Make width x-dependent 

5

*: except DIPSY

f(x,b) = f(x) × g(b)

where p⊥0 (related to 1/d above) is now a free parameter in the model.
This parameter has an energy dependence, and the ansatz used is that it scales in a

similar manner to the total cross section, i.e. driven by an effective power related to the
Pomeron intercept [54], which in turn could be related to the small-x behaviour of parton
densities. This leads to a scaling

p⊥0(ECM) = pref⊥0 ×
(

ECM

Eref
CM

)Epow
CM

, (4)

where Eref
CM is some convenient reference energy and pref⊥0 and Epow

CM are parameters to be
tuned to data.

2.1 Hadronic matter distribution

In the original MPI framework of [1], events are characterised by a varying impact pa-
rameter, b, representing a classical distance of closest approach between the two incoming
hadrons. The hadronic matter is assumed to have a spherically symmetric distribution,
taken to be the same for all parton species and momenta. The time-integrated overlap
between the two incoming matter distributions at an impact parameter, b, is given by

Õ(b) =

∫

dt

∫

d3x ρ(x, y, z) ρ(x, y, z −
√
b2 + t2) , (5)

where the ρ’s give the matter distributions after a scale change to take into account the
boosted nature of the hadrons. There are currently three different matter profiles available:

1) Single Gaussian: a simple Gaussian with no free parameters

ρ(r) ∝ exp(−r2) . (6)

2) Double Gaussian: a core region, radius a2, contains a fraction β of the total hadronic
matter, embedded in a larger hadron of radius a1. The default parameters for this
profile are a2/a1 = 0.4 and β = 0.5

ρ(r) ∝ (1− β)
1

a31
exp

(

−
r2

a21

)

+ β
1

a32
exp

(

−
r2

a22

)

. (7)

3) Overlap function: Õ(b), rather than ρ(r), is parameterised by a single parameter, p.
When p = 2, this gives the single Gaussian behaviour, while when p = 1, results are
similar to the default double Gaussian behaviour

Õ(b) ∝ exp (−bp) . (8)

In what follows, we relax the assumption that this distribution remains the same for all
momenta, such that the wavefunction for small-x partons is broader in spatial extent than
for large-x ones. In particular, a form

ρ(r, x) ∝
1

a3(x)
exp

(

−
r2

a2(x)

)

, (9)

4

a(x) = a0

(

1 + a1 ln
1

x

)

, (10)

is chosen, where x represents the momentum fraction of the parton being probed within the
hadron, a0 is a constant to be tuned according to the non-diffractive cross section (detailed
below) and a1 is a free parameter. When a1 = 0, the single Gaussian profile is recovered.
With this matter profile, the time-integrated overlap is given by

Õ(b, x1, x2) =
1

π

1

a2(x1) + a2(x2)
exp

(

−
b2

a2(x1) + a2(x2)

)

, (11)

where the normalisation has been chosen such that
∫

Õ(b, x1, x2) d
2b = 1 . (12)

2.2 Impact parameter framework

Within the framework, the number of interactions is assumed to be distributed according
to a Poissonian distribution. If n̄(b) gives the average number of interactions when two
hadrons pass each other with an impact parameter b, the probability that there is at least
one interaction is given by

Pint(b) = 1− e−n̄(b) . (13)

This gives the requirement for an event to be produced in the first place. The average
number of interactions per event at impact parameter b is therefore given by

n̄(b)|n "=0 =
n̄(b)

Pint(b)
. (14)

When integrated over all impact parameters, the relation 〈n〉 = σhard/σND (Sec. 2) must
still hold, giving

〈n〉 =
∫

n̄(b)|n "=0 Pint(b) d2b
∫

Pint(b) d2b
=

∫

n̄(b) d2b
∫

(1− e−n̄(b)) d2b
=

σhard

σND
. (15)

Defining the shorthand X = (x1, x2, p2⊥) and dX = dx1 dx2 dp2⊥, σhard may now be written
as

σhard =

∫

dX
dσ

dX
=

∫∫

dX d2b
dσ

dX
Õ(b, x1, x2) , (16)

where eq. (12) has been used to associate an impact-parameter profile with each X co-
ordinate. Here, dσ/dX gives the convolution of PDF factors and the (regularised) hard
partonic cross section

dσ

dX
= f1(x1, p

2
⊥) f2(x2, p

2
⊥)

dσ̂

dp2⊥

∣

∣

∣

∣

reg

. (17)

Comparing with eq. (15), this gives the average number of interactions at an impact pa-
rameter b to be

n̄(b) =

∫

dX
dσ

dX
Õ(b, x1, x2) . (18)

5

Corke, Sjöstrand, arXiv:1101.5953

Constrain by requiring a1 responsible for growth of cross section

http://arxiv.org/abs/1101.5953v1
http://arxiv.org/abs/1101.5953v1


P. Skands

X-Dependent Proton Size

Initial study + tuning in arXiv:1101.5953 
At least as good MB/UE fits as old model (based on “Tune 4C”)

Details will be different!

E.g.,
“Homogenous” model: can have (rare) high-x scattering at large b:
⇒ There should be a tail of dijets/DY/… with essentially “no” UE

E.g., ATLAS “RMS” distributions, and/or take UE/MB density ratios

“X-Dependent” model: high-x scatterings only at small b:
⇒ Enhanced pedestal effect? (increased selection bias)

(needs to be interpreted with care, due to effects of (re)tuning … )

6

Model available from next PYTHIA 8 version, ready for playing with … 

central peripheral

Redder 
(not just simple luminosity scaling)

http://arxiv.org/abs/1101.5953v1
http://arxiv.org/abs/1101.5953v1
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PYTHIA 8 Status
Diffraction

! Comparisons to PYTHIA 6 and PHOJET have been made
e.g. p⊥ distribution of single diffractive events
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Figure 13:Richard Corke (Lund University) January 2010 16 / 18

PYTHIA 6: Supported, but not actively developed

Very soft spectra without POMPYT

SD

and σel = σ2
tot/16πBel. The elastic slope parameter is parameterized by

Bel = BAB
el (s) = 2bA + 2bB + 4s� − 4.2 , (115)

with s given in units of GeV and Bel in GeV
−2

. The constants bA,B are bp = 2.3, bπ,ρ,ω,φ =

1.4, bJ/ψ = 0.23. The increase of the slope parameter with c.m. energy is faster than

the logarithmically one conventionally assumed; that way the ratio σel/σtot remains well-

behaved at large energies.

The diffractive cross sections are given by

dσsd(XB)(s)

dt dM2
=

g3IP

16π
βAIP β2

BIP

1

M2
exp(Bsd(XB)t) Fsd ,

dσsd(AX)(s)

dt dM2
=

g3IP

16π
β2

AIP βBIP
1

M2
exp(Bsd(AX)t) Fsd ,

dσdd(s)

dt dM2
1 dM2

2

=
g2
3IP

16π
βAIP βBIP

1

M2
1

1

M2
2

exp(Bddt) Fdd . (116)

The couplings βAIP are related to the pomeron term XABs�
of the total cross section

parameterization, eq. (112). Picking a reference scale
√

sref = 20 GeV, the couplings are

given by βAIPβBIP = XAB s�
ref . The triple-pomeron coupling is determined from single-

diffractive data to be g3IP ≈ 0.318 mb
1/2

; within the context of the formulae in this

section.

The spectrum of diffractive masses M is taken to begin 0.28 GeV ≈ 2mπ above the

mass of the respective incoming particle and extend to the kinematical limit. The simple

dM2/M2
form is modified by the mass-dependence in the diffractive slopes and in the Fsd

and Fdd factors (see below).

The slope parameters are assumed to be

Bsd(XB)(s) = 2bB + 2α�
ln

�
s

M2

�
,

Bsd(AX)(s) = 2bA + 2α�
ln

�
s

M2

�
,

Bdd(s) = 2α�
ln

�

e4
+

ss0

M2
1 M2

2

�

. (117)

Here α�
= 0.25 GeV

−2
and conventionally s0 is picked as s0 = 1/α�

. The term e4
in Bdd is

added by hand to avoid a breakdown of the standard expression for large values of M2
1 M2

2 .

The bA,B terms protect Bsd from breaking down; however a minimum value of 2 GeV
−2

is still explicitly required for Bsd, which comes into play e.g. for a J/ψ state (as part of a

VMD photon beam).

The kinematical range in t depends on all the masses of the problem. In terms of

the scaled variables µ1 = m2
A/s, µ2 = m2

B/s, µ3 = M2
(1)/s (= m2

A/s when A scatters

elastically), µ4 = M2
(2)/s (= m2

B/s when B scatters elastically), and the combinations

C1 = 1− (µ1 + µ2 + µ3 + µ4) + (µ1 − µ2)(µ3 − µ4) ,

C2 =

�
(1− µ1 − µ2)

2 − 4µ1µ2

�
(1− µ3 − µ4)

2 − 4µ3µ4 ,

C3 = (µ3 − µ1)(µ4 − µ2) + (µ1 + µ4 − µ2 − µ3)(µ1µ4 − µ2µ3) , (118)

one has tmin < t < tmax with

tmin = −s

2
(C1 + C2) ,

tmax = −s

2
(C1 − C2) = −s

2

4C3

C1 + C2
=

s2C3

tmin
. (119)

113

Diffractive Cross Section Formulæ:

2 mpi< MD < 1 GeV: 2-body decay
MD > 1 GeV : string fragmentation

Spectra:

Only in POMPYT addon (P. Bruni, A. Edin, 
G. Ingelman)     high-pT “jetty” diffraction absent

Partonic Substructure in Pomeron:
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Diffractive Cross Section Formulæ:PYTHIA 8 Status
Diffraction

! New framework for high-mass diffractive events (with Sparsh Navin)
! Follows the approach of Pompyt (P. Bruni, A. Edin and G. Ingelman)
! Total diffractive cross sections parameterised as before

! Introduce pomeron flux fIP/p(xIP, t)

xIP =
EIP
Ep

, t = (pi − p′

i )
2
, M2

X = xIPs

! Factorise proton-pomeron hard scattering

fp1/p(x1,Q2) fp2/IP(x2,Q2)
dσ̂
dt̂

pi

pj

p
′

i

xg

x
LRG

X

! Existing PYTHIA machinery used to simulate interaction
! Initialise MPI framework for a set of different diffractive
mass values; interpolate in between
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PYTHIA 8 Status
Diffraction

! MX ≤ 10GeV: original longitudinal string description used
! MX > 10GeV: new perturbative description used
! Four parameterisations of the pomeron flux available
! Five choices for pomeron PDFs

! Q2-independent parameterisations, xIP f (xIP) = N xaIP (1− xIP)b
! Pion PDF (one built in, others through LHAPDF)
! H1 NLO fits: 2006 Fit A, 2006 Fit B and 2007 Jets

! Single and double diffraction included
! Central diffraction a future possibility
! Still to be tuned

Richard Corke (Lund University) January 2010 15 / 18

Partonic Substructure in Pomeron:

Follows the  
Ingelman-Schlein 

approach of 
Pompyt

Diffraction
Ingelman-Schlein: Pomeron as hadron with partonic content
Diffractive event = (Pomeron flux) × (IPp collision)

p
p

IP

p

Used e.g. in
POMPYT
POMWIG
PHOJET

1) σSD and σDD taken from existing parametrization or set by user.
2) Shape of Pomeron distribution inside a proton, fIP/p(xIP, t)
gives diffractive mass spectrum and scattering p⊥ of proton.
3) At low masses retain old framework, with longitudinal string(s).
Above 10 GeV begin smooth transition to IPp handled with full pp
machinery: multiple interactions, parton showers, beam remnants, . . . .
4) Choice between 5 Pomeron PDFs.
Free parameter σIPp needed to fix 〈ninteractions〉 = σjet/σIPp.
5) Framework needs testing and tuning, e.g. of σIPp.

Diffraction
Ingelman-Schlein: Pomeron as hadron with partonic content
Diffractive event = (Pomeron flux) × (IPp collision)

p
p

IP

p

Used e.g. in
POMPYT
POMWIG
PHOJET

1) σSD and σDD taken from existing parametrization or set by user.
2) Shape of Pomeron distribution inside a proton, fIP/p(xIP, t)
gives diffractive mass spectrum and scattering p⊥ of proton.
3) At low masses retain old framework, with longitudinal string(s).
Above 10 GeV begin smooth transition to IPp handled with full pp
machinery: multiple interactions, parton showers, beam remnants, . . . .
4) Choice between 5 Pomeron PDFs.
Free parameter σIPp needed to fix 〈ninteractions〉 = σjet/σIPp.
5) Framework needs testing and tuning, e.g. of σIPp.

Diffraction
Ingelman-Schlein: Pomeron as hadron with partonic content
Diffractive event = (Pomeron flux) × (IPp collision)

p
p

IP

p

Used e.g. in
POMPYT
POMWIG
PHOJET

1) σSD and σDD taken from existing parametrization or set by user.
2) Shape of Pomeron distribution inside a proton, fIP/p(xIP, t)
gives diffractive mass spectrum and scattering p⊥ of proton.
3) At low masses retain old framework, with longitudinal string(s).
Above 10 GeV begin smooth transition to IPp handled with full pp
machinery: multiple interactions, parton showers, beam remnants, . . . .
4) Choice between 5 Pomeron PDFs.
Free parameter σIPp needed to fix 〈ninteractions〉 = σjet/σIPp.
5) Framework needs testing and tuning, e.g. of σIPp.

(incl full MPI+showers for       system)

Diffraction
Ingelman-Schlein: Pomeron as hadron with partonic content
Diffractive event = (Pomeron flux) × (IPp collision)

p
p

IP

p

Used e.g. in
POMPYT
POMWIG
PHOJET

1) σSD and σDD taken from existing parametrization or set by user.
2) Shape of Pomeron distribution inside a proton, fIP/p(xIP, t)
gives diffractive mass spectrum and scattering p⊥ of proton.
3) At low masses retain old framework, with longitudinal string(s).
Above 10 GeV begin smooth transition to IPp handled with full pp
machinery: multiple interactions, parton showers, beam remnants, . . . .
4) Choice between 5 Pomeron PDFs.
Free parameter σIPp needed to fix 〈ninteractions〉 = σjet/σIPp.
5) Framework needs testing and tuning, e.g. of σIPp.Navin, arXiv:1005.3894



P. Skands

Tuning of PYTHIA 8

9

Tuning to e+e- closely related to p⊥-ordered PYTHIA 6.4.  A few 
iterations already. First tuning by Professor (Hoeth) → FSR ok?

C Parameter
Out-of-
plane 
pT

(Plots from mcplots.cern.ch)



P. Skands

R. Field

Tuning of PYTHIA 8
Hadron Collisions: cannot use PYTHIA 6 tunes (e.g., not “Perugia”, Z1, 

etc). Need PYTHIA 8 ones.  Tension between Tevatron and LHC?

10(Plots from mcplots.cern.ch)



P. Skands

Tuning of PYTHIA 8
Hadron Collisions: cannot use PYTHIA 6 tunes (e.g., not “Perugia”, Z1, 

etc). Need PYTHIA 8 ones.  Tension between Tevatron and LHC?

11(Plots from mcplots.cern.ch)
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P. Skands

Tuning of PYTHIA 8
Underlying Event? Actually 4C looks fine at both energies

12

4C 

Recommended for 
LHC studies

(Also has dampened 
diffractive cross section 

since ATLAS-
CONF-2010-048 showed 

default too high)

Will probably be 
default from next 

version

(though question LHC/
Tevatron is still there 
and needs resolving)

Tuning PYTHIA 8 and 4C, see:
Corke, Sjöstrand, arXiv:1011.1759

(Plots from mcplots.cern.ch)



P. Skands

Summary

PYTHIA6 is winding down
Supported but not developed
Still main option for current run (sigh)

But not after long shutdown 2013!

PYTHIA8 is the natural successor
Already several improvements over PYTHIA6 on soft physics

(including modern range of PDFs (CTEQ6, LO*, etc) in standalone version)

Though still a few things not yet carried over (such as ep, some SUSY, etc)

If you want new features (e.g., ψ’,  MadGraph-5 and VINCIA interfaces, …) 
then be prepared to use PYTHIA8

Provide Feedback, both what works and what does not
Do your own tunes to data and tell outcome

There is no way back!

13



Comments on Strangeness



P. Skands

Check 1: Nch at LEP 
All tunes get in right ballpark

(AMBT1 & Z1 slightly over)

15

(DW~DWT~A~D6~D6T~CSC~…)

Pro-Q20 is Professorʼs retune

Perugia 0 uses Professorʼs LEP

Perugia 2010 is manual retune
Other Monte Carlos, for ref



P. Skands

Check 2: Kaons
AMBT1 & Z1 quite high, and spectrum too soft

Pro-Q2O, Perugia, and PYTHIA 8 models significantly better

16

(DW~DWT~A~D6~D6T~CSC~…)

Pro-Q20 is Professorʼs retune

Perugia 0 uses Professorʼs LEP

Perugia 2010 is manual retune
Other Monte Carlos, for ref

(because they 
were retuned)
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Check 3: Lambda

17

→ Lambda/K systematically low and spectrum too HARD!

AMBT1 & Z1 may look ok, but since NK and Nch too high → Λ fraction is too low



P. Skands

Check 4: Cascade

18

Perugia 0 (and default PYTHIA 8 too low). Pro-Q2O and Perugia 2010 better

Again: AMBT1 & Z1 hyperon fractions too low



P. Skands

So one lesson from LEP:
If anything, the baryon spectra are somewhat too hard

Now compare with hadron collisions
Systematically too soft, the higher the mass

19



P. Skands

So one lesson from LEP:
If anything, the baryon spectra are somewhat too hard

Now compare with hadron collisions
Systematically too soft, the higher the mass
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How does this look
- In Low- / High-multiplicity events?
Inside quark/gluon jets? Outside?



Tune Parameters



P. Skands

PYTHIA 8 Tune Parameters

21



P. Skands

Tunable Paramters

22

Main Quantity PYTHIA 6 PYTHIA 8

s/u K/π PARJ(2) StringFlav:probStoUD

Baryon/Meson p/π PARJ(1) StringFlav:probQQtoQ

Additional Strange Baryon Suppr. Λ/p PARJ(3) StringFlav:probSQtoQQ

Baryon-3/2 / Baryon-1/2 ∆/p, … PARJ(4) , 
PARJ(18)

StringFlav:probQQ1toQQ0
StringFlav:decupletSup

Vector/Scalar (non-strange) \rho/π PARJ(11) StringFlav:mesonUDvector

Vector/Scalar (strange) K*/K PARJ(12) StringFlav:mesonSvector

Flavor Sector
(These do not affect pT spectra, apart from via feed-down)

Note: both programs have options for c and b, for special baryon production (leading and “popcorn”) and for 
higher excited mesons. PYTHIA 8 more flexible than PYTHIA 6. Big uncertainties, see documentation.

For pT spectra, main parameters are shower folded with: longitudinal and transverse 
fragmentation function (Lund a and b parameters and pT broadening (PARJ(41,42,21)), 
with possibility for larger a for Baryons in PYTHIA 8, see “Fragmentation” in online docs).


