
PYTHIA Overview 
Peter Skands — U of Oxford & Monash U.

VINCIA

MPI@LHC — November 2023 — Manchester



2

A Brief History of MPI in PYTHIA

๏

 

•  several parton-parton interactions per 
hadron-hadron interaction: MPI 

•  
๏Sjöstrand & van Zijl, 1985: 

•Cast as Sudakov-style evolution equation, 
analogous to the   one for showers

σparton-parton( ̂p⊥)

σhadron-hadron
> 1
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Figure 1: Schematic figure illustrating one incoming hadron in an event with a hard inter-
action occurring at p⊥1 and three further interactions at successively lower p⊥ scales, each
associated with (the potentiality of) initial-state radiation, and further with the possibility
of two interacting partons (2 and 3 here) having a common ancestor in the parton showers.
Full lines represent quarks and spirals gluons. The vertical p⊥ scale is chosen for clarity
rather than realism; most of the activity is concentrated to small p⊥ values.

‘one-parton-inclusive’ pdf’s should be applicable; when averaging over all configurations of
softer partons, the standard QCD phenomenology should be obtained for the ones partic-
ipating in the hardest interaction, this being the way the standard parton densities have
been measured. Thus it makes sense to order and study the interactions in a sequence of
falling ‘hardness’, for which we shall here take p⊥ as our measure, i.e. we consider the inter-
actions in a sequence p⊥1 > p⊥2 > p⊥3 > p⊥4. The normal parton densities can then be used
for the scattering at p⊥1, and correlation effects, known or estimated, can be introduced in
the choice of ‘subsequent’ lower-p⊥ scatterings.

In ref. [1] we developed a new and sophisticated model to take into account such corre-
lations in momentum and flavour. In particular, contrary to the earlier model described in

2

C o l o u r  S c r e e n i n g  ( “ ” )  /  H a d ro n i z a t i o np⊥0

Figure from Sjöstrand & PS, 2005

๏Sjöstrand & PS, 2005: 
•Interleave MPI & ISR evolutions in 
one common sequence of pT  

๏Corke & Sjöstrand, 2011: 
•Also include FSR in interleaving

๏Sjöstrand & PS, 2004: 
•Simple multi-parton PDFs with 
momentum & flavour correlations



๏Using simplified (“leading-NC”) rules for “colour flow”, we can determine between which partons 
confining potentials should be set up 

•Example  + parton shower 

•    

๏Map to Strings: Quarks ➡ string endpoints; gluons ➡ “kinks” 
•System then evolves as a string world sheet: area law  

๏+ String breaks via spontaneous  pair creation (“Schwinger mechanism”)  hadrons 
•Gaussian pT + Lund Symmetric Fragmentation Function f(z, mh, pTh) + many flavour parameters

e+e− → Z0 → qq̄

qq̄ →

“Linear confinement” 
(From Lattice & Hadron Spectroscopy)

“Cornell potential”: 

 V(r) = −
4
3

αs

r
+ κr

3

Confinement in PYTHIA: The Lund String Model

“Les Houches Colour Tags”
Hadron

Hadron

Hadron

Uncertainties  See talk 
by C. Bierlich, Thursday

→



๏High-energy pp collisions with MPI + QCD bremsstrahlung 
•Final states with very many coloured partons 
•With significant overlaps in phase space 
•Who gets confined with whom? 

๏If each has a colour ambiguity  
•Colour Reconnections* (CR) ➜ more likely than not 

๏Colour Reconnections in PYTHIA:  
•Default (MPI-based): simple string-length minimisation 
•+ a few others (e.g., gluon-move) 
•Most sophisticated: Christiansen & PS, 2015 (QCD CR aka CR-BLC):  

๏ Stochastic sampling of SU(3)C correlations at end of shower + string-length minimisation

∼ 1/N2
C ∼ 10 %

MPIMPI

d�̂0

4

Confinement in Hadron Collisions

Example (from new Pythia 8.3 manual) 
   (all-jets)pp → tt̄

Prob(no CR) ∝ (1 −
1

N2
C )

nMPI

*): in this context, QCD CR simply refers to an ambiguity beyond Leading NC, known to exist.  
But the term “CR” can also be used more broadly to incorporate further physics concepts.

String Junctions  See 
slides by J. Altmann, Monday

→



๏Dedicated generators (BcVegPy, GenXicc) and predictions for doubly-heavy 
hadron production assume single parton interactions the origin of the partons 

๏Experimental evidence that multiple heavy-quark pairs can be  produced in MPI   
•Expect partons from different MPI hadronize together. Can they form ? (e.g., via CR?) 

•Expect some suppression since  <  but how much?   Interesting probe! 

B+
c

r(B+
c ) ⟨b⟩MPI …
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Doubly-heavy hadrons in PYTHIA:  ,  , … B+
c Ξ++

cc

Tom Hadavizadeh

Doubly heavy hadrons

7

Dedicated generators (BcVegPy, GenXicc) and predictions for 
doubly-heavy hadron production assume single parton interactions

B+
c}

Now we can generate  more efficiently 
we want to test whether double parton 
interactions contribute 

B+
c

Heavy quarks can also be produced via gluon splittings during parton showers. A
typical example would be a hard gg ! gg interaction followed by a subsequent g ! QQ̄
splitting in the subsequent initial- or final-state shower evolution, as shown in Fig. 1c.
Although this figure shows one of the outgoing gluons from the hard interaction directly
splitting to heavy quarks, that is just for simplicity; in principle any gluon produced
within a shower above the heavy quark-mass threshold could result in heavy quarks.
As gluon-gluon interactions have a large cross-section at the LHC, this constitutes a
significant contribution to the heavy-quark production mechanisms. For final-state gluon
splittings, the resulting QQ̄ pair will be boosted in the direction of the parent gluon.
Events in which two singly-heavy hadron are produced by this mechanism tend to have
smaller angles between the two heavy hadrons, as shown in Fig. 2.

3 Sources of doubly-heavy hadrons

To create doubly-heavy hadrons that are not quarkonium states, two QQ̄ pairs must
be produced during the perturbative evolution of the collision. An example of an SPS
mechanism contributing to this process is shown in Fig. 3a: hard bb̄ pair creation followed
by a g ! cc̄ splitting during the shower evolution. Equivalent processes involving flavour
excitation or double gluon splitting within a single SPS are of course also possible.

When allowing for MPI, the two QQ̄ pairs may also be produced in two di↵erent
parton-parton interactions (still within the context of a single hadron-hadron collision).
This is what we label DPS. Two examples, double pair creation and double flavour
excitation, are shown in Figs. 3b and 3c respectively, again with other combinations of
pair creation, flavour excitation, and/or gluon splittings obviously also possible. In these
diagrams the two parton interactions have been highlighted in di↵erent colours to clarify
the origin of the partons.

In events with more than two parton-parton interactions, SPS mechanisms could
contribute from any one of the single parton-parton interactions, whilst DPS mechanisms
could contribute from the combination of any two.

b

b̄
c

c̄

p

p

(a) Example of SPS: Pair
creation and gluon splitting.

c

c̄

b

b̄

p

p

(b) Example of DPS: Dou-
ble pair creation.

!"#$%& '( )*+

c

c̄

b

b̄

p

p

(c) Example of DPS: Double
flavour excitation.

Figure 3: Production mechanisms for events with both a bb̄ and cc̄ pair. The incoming, outgo-
ing and intermediate particles of each parton-parton interaction are shown in red and (where
relevant) blue. In the case of double flavour excitation, b and c̄ quarks shown at the top and
bottom represents the companion quark produced as a result of the initial-state evolution.

Once the appropriate quarks have been produced in the collision, only pairs that are
su�ciently close in phase space and which have a non-zero probability to be in an overall
colour-singlet state, have a chance to form an on-shell doubly-heavy hadron.
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B+
c} ?

But can quarks from different parton-parton interactions hadronise together? 

Figure 7: MPI pair production and MPI pair production (bb̄ and cc̄)

Figure 8: Hard pair production and shower

9

b
b̄c
c̄

BcVegPy

gg → B+
c bc̄

There is experimental evidence that multiple pairs of heavy quarks can be 
produced in MPI

U. Egede, T. Hadavizadeh, M. Singla, PS, Eur.Phys.J.C 82 (2022) 9

https://arxiv.org/abs/2205.15681
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PYTHIA Predictions for  from MPIB+
c

Tom Hadavizadeh

Multiplicity dependence

10

- Ratio of doubly-heavy hadrons 
to singly-heavy hadrons 
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Figure 9: Kinematic distributions of B+
c mesons generated with Bcvegpy and Pythia.

0 10 20
MPIN

0

0.1
0.2
0.3
0.4

0.5
0.6
0.7

0.8

 (%
)

dN
)+

(B
σd /

dN
)+ c

(B
σd

Pythia - All

Pythia - Just DPS

Pythia - Just SPS

BcVegPy

0 20 40 60 80
<4.5η2.0<

ChargedN
0

0.05
0.1

0.15
0.2

0.25
0.3

0.35
0.4

0.45
0.5

 (%
)

dN
)+

(B
σd /

dN
)+ c

(B
σd

Pythia - All

Pythia - Just DPS

Pythia - Just SPS

BcVegPy

Figure 10: Ratio of di↵erential cross-sections of B+
c and B+ mesons as a function of (top left)

the number of parton-parton interactions in a collision and (top right) the number of charged
particles within the pseudo-rapidity region 2.0 < ⌘ < 4.5, as generated with Bcvegpy and
Pythia. Uncertainties are from simulation statistics only.

tions would linearly increase the number of opportunities to form the hadron, as each new
parton interaction would present one more opportunity for the hadron to form. However,
hadrons formed in DPS processes would see the rate of formation increase quadratically
with the number of interactions, as each hadron requires two parton interactions to form.
These di↵erent relationships can be exploited to di↵erentiate the components by consid-
ering the ratio of doubly-heavy to singly-heavy hadron cross sections, as a function of
the number of parton-parton interactions. This ratio would be flat if singly- and doubly-
heavy hadrons are produced by the same mechanism — SPS — while it would increase
linearly if there is a nontrivial DPS component to doubly-heavy hadron production.

In Pythia, both mechanisms are present, while in Bcvegpy, a single gg ! B+
c bc

interaction is produced for each event which is then passed to Pythia for showering,
MPI, and hadronisation. In this case, there is therefore no opportunity for heavy quarks
from di↵erent parton-parton interactions to form the B+

c meson and the production is
independent of the total number of parton-parton interactions.

The cross-section ratio of B+
c to B+ mesons is compared for Pythia and Bcvegpy

in Fig. 10 as a function of the number of parton-parton interactions. In this figure no
kinematic requirements have been placed on the rapidity or transverse momentum of the
B+

c meson or final-state particles. As expected, the contribution from DPS varies as a
function of the number of parton interactions in the event. A significant enhancement is
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tions would linearly increase the number of opportunities to form the hadron, as each new
parton interaction would present one more opportunity for the hadron to form. However,
hadrons formed in DPS processes would see the rate of formation increase quadratically
with the number of interactions, as each hadron requires two parton interactions to form.
These di↵erent relationships can be exploited to di↵erentiate the components by consid-
ering the ratio of doubly-heavy to singly-heavy hadron cross sections, as a function of
the number of parton-parton interactions. This ratio would be flat if singly- and doubly-
heavy hadrons are produced by the same mechanism — SPS — while it would increase
linearly if there is a nontrivial DPS component to doubly-heavy hadron production.

In Pythia, both mechanisms are present, while in Bcvegpy, a single gg ! B+
c bc

interaction is produced for each event which is then passed to Pythia for showering,
MPI, and hadronisation. In this case, there is therefore no opportunity for heavy quarks
from di↵erent parton-parton interactions to form the B+

c meson and the production is
independent of the total number of parton-parton interactions.

The cross-section ratio of B+
c to B+ mesons is compared for Pythia and Bcvegpy

in Fig. 10 as a function of the number of parton-parton interactions. In this figure no
kinematic requirements have been placed on the rapidity or transverse momentum of the
B+

c meson or final-state particles. As expected, the contribution from DPS varies as a
function of the number of parton interactions in the event. A significant enhancement is
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- In reality we can’t measure the 
number of parton-parton 
interactions 


- However, it’s highly correlated to 
the number of particles produced 

σ(B+
c )

σ(B+) ∝ (N − 1)

SPS DPS

Tom Hadavizadeh

Multiplicity dependence
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tions would linearly increase the number of opportunities to form the hadron, as each new
parton interaction would present one more opportunity for the hadron to form. However,
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with the number of interactions, as each hadron requires two parton interactions to form.
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In Pythia, both mechanisms are present, while in Bcvegpy, a single gg ! B+
c bc

interaction is produced for each event which is then passed to Pythia for showering,
MPI, and hadronisation. In this case, there is therefore no opportunity for heavy quarks
from di↵erent parton-parton interactions to form the B+

c meson and the production is
independent of the total number of parton-parton interactions.

The cross-section ratio of B+
c to B+ mesons is compared for Pythia and Bcvegpy

in Fig. 10 as a function of the number of parton-parton interactions. In this figure no
kinematic requirements have been placed on the rapidity or transverse momentum of the
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c meson or final-state particles. As expected, the contribution from DPS varies as a
function of the number of parton interactions in the event. A significant enhancement is
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interaction is produced for each event which is then passed to Pythia for showering,
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c meson and the production is
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in Fig. 10 as a function of the number of parton-parton interactions. In this figure no
kinematic requirements have been placed on the rapidity or transverse momentum of the
B+

c meson or final-state particles. As expected, the contribution from DPS varies as a
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- In reality we can’t measure the 
number of parton-parton 
interactions 


- However, it’s highly correlated to 
the number of particles produced 

σ(B+
c )

σ(B+) ∝ (N − 1)

SPS DPS

๏Measuring the absolute Bc+ cross-section precisely is difficult 
•Requires theoretical input on branching fractions 

๏Exploit the different behaviour in events with MPI 
๏

Can’t measure NMPI; 
use multiplicity instead

MPI without 
suppression

Only SPS

Reality?

U. Egede, T. Hadavizadeh, M. Singla, PS, Eur.Phys.J.C 82 (2022) 9

https://arxiv.org/abs/2205.15681
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Strangeness Enhancement in PYTHIA

๏Clear observations of strangeness enhancements in high-multiplicity pp collisions 
(relative to LEP and low-multiplicity pp) [e.g., ALICE Nature Phys. 13, 535 (2017)]  
๏1) In string context, MPI + Colour Ropes [e.g., Bierlich et al. 1412.6259] have been proposed: 

•Casimir scaling of effective string tension  less strangeness suppression in string breaks 

๏2) Simplified alternative: Close-Packing [Fischer, Sjöstrand 1610.09818] string tension scales with 
effective background flux density  nMPI (global) or nstrings (local) 

•Altmann & PS (2023, in progress): rope-like directional colour flows (p and q) and junction 
topologies (incl physics updates to basics of string junction fragmentation, esp for heavy quarks) 

๏ Effective diquark suppression in octet-type fields (“Altmann mechanism”) 
๏ & Option for enhanced strangeness “near” junctions (“Strange Junctions”) 
๏  Can describe important observation LHC  LEP 

⟹

∝

⟹ ⟨p/π⟩ ≲ ⟨p/π⟩

See slides by J. 
Altmann, Monday

0 5 10 15 20 25 30 35 40 45 50
|y|<0.5
)

Ch
(n

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

(p
>0
)

Pr
ob
ab
ilit
y

8

2715
6442 90 12521

3

Monash

QCD

Close-packing  
+ strange junctions  
+ diquark suppression

J. Altmann       Monash University

Collective Effects

Diquark formation via successive colour 
fluctuations (popcorn mechanism)

vs.

Strange Junctions

Strangeness Enhancement

Dense string environments 

→ Casimir scaling of effective string tension 

→ Higher probability of strange quarks

String tension could be different from the 
vacuum case compared to near a junction

Close-packing

String breaks

Diquark Suppression

What if we allow the blue fluctuation to 
break a nearby string?

Multiplets (y=0, pp 7 TeV) 

 Note: LHC  smaller 
than at LEP
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Monash

QCD

Close-packing  
+ strange junctions  
+ diquark suppression

J. Altmann       Monash University

Collective Effects

Diquark formation via successive colour 
fluctuations (popcorn mechanism)

vs.

Strange Junctions

Strangeness Enhancement

Dense string environments 

→ Casimir scaling of effective string tension 

→ Higher probability of strange quarks

String tension could be different from the 
vacuum case compared to near a junction

Close-packing

String breaks

Diquark Suppression

What if we allow the blue fluctuation to 
break a nearby string?

Multiplets (y=0, pp 7 TeV) 

 Note: LHC  smaller 
than at LEP

p/π

https://arxiv.org/abs/1610.09818
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Heavy-Ion Collisions in PYTHIA: ANGANTYR
๏ANGANTYR extends PYTHIA to Ion Beams (HI, Cosmic Rays, …) 

•Main emphasis/hypothesis: collectivity without a medium 

๏1) Hadron-Ion Collisions: PYTHIA for UPC and cosmic-ray air showers  

๏2) Angantyr can now include QCD CR between different nucleon-nucleon subcollisions 
•Lönnblad & Shah 2023 [2303.11747; coming in Pythia 8.311] 

๏ As long as they are “close” in impact parameter  1fm 
•Bierlich, Gustafson, Lönnblad, Shah 2023 [2309.12452; coming in Pythia 8.311] 

๏ Previously, small junction systems caused the rejection of whole events 
Problem for QCD-CR in heavy ions: caused a skewing of the multiplicity distribution (high multiplicity 
=> more CR => more mini-junction failures). Effects of this could also be seen in pp. 

๏ MinistringFragmentation extended to include collapse of small junction systems  

•  Effects of QCD CR (eg junction baryons) can now be studied in AA collisions 
๏ Note: CR reduces raw multiplicity  retuning needed, not done yet (interested?)

≲

⟹
→

 Talk by M. 
Utheim, Tuesday

→

https://arxiv.org/abs/2303.11747
https://arxiv.org/abs/2309.12452


๏Strings should push each other transversely 
•Colour-electric fields ➜ Classical force 

๏Model string radial shape & shoving physics 

Shoving: The cartoon picture (arXiv:1710.09725,2010.07595)

• Strings push each other in transverse space.
• Colour-electric fields � classical force.

� Transverse-space geometry.
� Particle production mechanism.
?? String radius and shoving force

7
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Collective Flow in PYTHIA: String Shoving
Bierlich, Chakraborty, Gustafson, Lönnblad, arXiv:1710.09725, 2010.07595

The shoving force

• Energy in field, in condensate and in magnetic flux.

• Let g determine fraction in field, and normalization N is given:

E = N exp(�⇢
2/2R2)

• Interaction energy calculated for transverse separation d·,
giving a force:

f (d·) = gd·
R2

exp⇧� d2
·

4R2
↵

• Distance calculated in “shoving frame”, resolved as two-string
interactions.

9

 force⟹

: fraction of energy in field (as 
opposed to in condensate or 
magnetic flux) 

: transverse distance (in 
string-string “shoving frame”) 

: string radius 

: string tension ~ 

g

d⊥

R
κ 1 GeV/fm

String shoving in pp (arXiv:1710.09725,2211.04384,1906.08290,2101.03110)

• Inclusive flow observables well reproduced.
• Add a hard probe trigger, interactions handled.
• In Pythia. Download and play around.

10

String shoving in pp (arXiv:1710.09725,2211.04384,1906.08290,2101.03110)

• Inclusive flow observables well reproduced.
• Add a hard probe trigger, interactions handled.
• In Pythia. Download and play around.

10

String shoving in pp (arXiv:1710.09725,2211.04384,1906.08290,2101.03110)

• Inclusive flow observables well reproduced.
• Add a hard probe trigger, interactions handled.
• In Pythia. Download and play around.

10

String shoving in pp (arXiv:1710.09725,2211.04384,1906.08290,2101.03110)

• Inclusive flow observables well reproduced.
• Add a hard probe trigger, interactions handled.
• In Pythia. Download and play around.

10

String shoving in pp (arXiv:1710.09725,2211.04384,1906.08290,2101.03110)

• Inclusive flow observables well reproduced.
• Add a hard probe trigger, interactions handled.
• In Pythia. Download and play around.
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Trigger:

CMS 1009.4122. Also: ATLAS 1906.08290, ALICE 2101.03110

The “CMS Ridge”

~
~
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MCPLOTS — New Look Coming Soon     

Preview at mcplots-dev.cern.ch

Work in Progress: Korneeva, Karneyeu, PS

http://mcplots-dev.cern.ch
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MCPLOTS — New Look Coming Soon

Preview at mcplots-dev.cern.ch

Work in Progress: Korneeva, Karneyeu, PS

http://mcplots-dev.cern.ch
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MCPLOTS — New Look Coming Soon

Preview at mcplots-dev.cern.ch

Select individual RIVET analysis Or process category

Work in Progress: Korneeva, Karneyeu, PS

http://mcplots-dev.cern.ch
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MCPLOTS — New Look Coming Soon

Select between all available MC 
generators & versions

Work in Progress: Korneeva, Karneyeu, PS
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MCPLOTS — New Look Coming Soon

Direct access to all generator 
cards, data points, MC points, 

journal paper, etc

Work in Progress: Korneeva, Karneyeu, PS
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Summary and Outlook

๏PYTHIA casts MPI as a shower-like evolution interleaved with parton showers 
•String Fragmentation being reexamined, esp in light of collective effects in pp 

•QCD CR Model looks promising; work ongoing to extend and optimise it → new default? 

๏ANGANTYR extension to Ion Beams (HI, Cosmic Rays, …) 
•Main emphasis/hypothesis: collectivity without a medium  

๏Join MCPLOTS            https://lhcathome.web.cern.ch/projects/test4theory 
•MCPLOTS volunteer cloud: LHC@home Test4Theory ̶ runs when computer is idle  

๏Join the PYTHIA Team!  
•  Apply Now! Post Doc openings at Monash U. and at Jyväskyla U. 

๏Automated Uncertainties (2308.13459) 
๏String Junctions (2309.12452 + WIP) 
๏Thermal String Breaks (1610.09818) 
๏Hot strings that cool down (2005.06219) 

๏Flavour composition from hyperfine splitting (2201.06316) 
๏Overlapping strings: ropes/close-packing, shoving (many!) 
๏Hadronic Rescattering (2103.09665, 2108.03481) 
๏Efficient production of Heavy Flavours (2205.15681)

https://inspirehep.net/jobs/2706277
https://inspirehep.net/jobs/2708540
https://arxiv.org/abs/2308.13459
https://arxiv.org/abs/2309.12452
https://arxiv.org/abs/1610.09818
https://arxiv.org/abs/2005.06219
https://arxiv.org/abs/2201.06316
https://arxiv.org/abs/2103.09665
https://arxiv.org/abs/2108.03481
https://arxiv.org/abs/2205.15681


Notes on PDFs 
for MPI Models



๏Mathematically (toy NLO Calculation with just one ): 

๏  largely compensated in def of NLO PDF: 

๏ ➤ Product well-behaved at NLO if we choose   
๏ Cross term at  is beyond NLO accuracy … 

๏For large  and small , e.g. : 

๏But if  and  are small, say :

x

ln(1/x)

B1 ≈ A1

𝒪(α2
s )

x αs(Q2) αsA1 ln(1/x) ∼ 0.2

x Q2 αsA1 ln(1/x) ∼ 2
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๏(Summary of note originally written by T. Sjöstrand, from discussions with R. Thorne though any oversimplifications or misrepresentations are our own)

So indeed, for many MRST/MSTW tunes, the gluon is negative at small x for the
low Q0 starting scale at around 1 – 2 GeV. In CTEQ fits the parametrized form does not
allow the gluon PDF to turn negative, but it is very close to zero at small x and Q. One
reason CTEQ gets away with this is that only data above Q2 = 4 GeV2 are used, while
MRST/MSTW go down to 2 GeV2.

The key constraint on the low-x gluon PDF comes from the DIS F2, where dF2/d ln Q2

is driven by g ! qq branchings. At LO the Pq/g(z) splitting kernel is quite flat, so the
x of the measured quark is closely correlated with that of the mother gluon. At NLO
Pq/g(z) / 1/z for small z, and the integral over z values introduces an approximate ln(1/x)
factor. Since the gluon is now probed more non-locally, the dF2/d ln Q2 at small x would
become too big if not the positive contribution from medium-to-high-x gluons (derived
from dF2/d ln Q2 in that region, and from other measurements) were combined with a
negative contribution from low-x gluons.

The problem remains in NNLO, and is even aggravated by more singular splitting
kernels. Attempts at an all-order resummation of ln(1/x) terms gives a gluon that is
more like LO than like NLO. For details see section 4.3 in [1].

The problem becomes less relevant for higher-p? processes, because
• DGLAP evolution fills up the lower-x region,
• kinematics is restricted to higher x vales, and
• ↵s is reduced.
In summary, NLO implies small-x corrections proportional to ln(1/x), that may drive

PDFs negative at small x and Q.

3 A toy NLO calculation

To illustrate this, consider a process in pp collision, as a convolution of a ME and two
PDFs. For simplicity, study only the interplay between the ME and the PDF on one side
of the event, given the x scale there. A generalization to one x scale on each side of the
event is straightforward.

By standard perturbation theory the e↵ect of typical NLO matrix elements in pp
collisions leads to an enhancement by a factor

MENLO

MELO

= 1 + ↵s(A1 ln(1/x) + A0) (1)

The divergent ln(1/x) behaviour above is largely to be compensated in the definition
of NLO PDFs. With

PDFNLO

PDFLO

= 1 + ↵s(B1 ln(1/x) + B0) (2)

it should follow that B1 ⇡ �A1. Thereby the product of ME times PDF is well-behaved
to O(↵s). There is a cross-term of O(↵2

s
), which is beyond the stated NLO accuracy.

We now see the numerical problem. For reasonably large x and Q2 scales, where
↵s(Q2) is small, say ↵sA1 ln(1/x) = 0.2, the logarithmic terms give

MENLO PDFNLO

MELO PDFLO

= (1 + 0.2)(1� 0.2) = 0.96 , (3)
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Low-x gluon  

Key constraint: DIS   

Low :  driven by  

LO Pq/g(z) ~ flat   of measured quark 
closely correlated with  of mother 
gluon.  

NLO Integral over Pq/g(z)  1/z for small 
z  approximate  factor.  

➤ Effectively, the NLO gluon is probed 
more “non-locally” in .  

 at small  becomes too big 
unless positive contribution from 
medium-to-high-x gluons (derived from 

 in that region, and from 
other measurements) is combined with a 
negative contribution from low-x gluons. 

F2

x dF2/d ln(Q2) g → qq̄

⟹ x
x

∝
⟹ ln(1/x)

x

d ln F2/dQ2 x

d ln F2/dQ2
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2

๏👍 log terms cancel

i.e. they cancel to a good approximation. But if instead x and Q2 are small, say
↵sA1 ln(1/x) = 2, then

MENLO PDFNLO

MELO PDFLO

= (1 + 2)(1� 2) = �3, (4)

i.e. the PDF becomes negative, the cross-term of O(↵2

s
) dominates, and the simple cal-

culation derails.

4 Phenomenology in PYTHIA 8

Tunes have been produced both with LO and with NLO PDFs. In general they both give
comparably good descriptions of data, which would seem to contradict the arguments
above.

What is notable is that tunes for NLO PDFs require a significantly smaller p?0 scale,
where p?0 is used to tame the 1/p4

? divergence of the QCD cross sections to 1/(p2

?+p2

?0
)2.

This reduced p?0 is precisely what is needed to compensate for the low amount of small-
x gluons in NLO PDFs. It is here useful to recall that, for the integrated QCD cross
sections, it is the number density fi(x, Q2) that enters the integrals, rather than the
momentum-weighted xfi(x, Q2) expressions. Thus the small-x partons play an important
role.

In the NLO tunes, the MPI collisions would tend to be symmetric, i.e. with x1 ⇠ x2,
and both not too small. Asymmetric collisions, where one x is small, would be killed by
the respective NLO PDFs vanishing or at least being tiny there (a negative PDF is reset
to 0 in Pythia). One therefore expects to find di↵erences in the rapidity spectrum of
minijets from MPIs. The main reason that MPIs contribute so significantly to the charged
multiplicity distribution and to dnchg/d⌘ is not the minijets in itself, however, but the
strings that are stretched out to the beam remnants. (Or, with colour reconnection
included, between the di↵erent MPIs.) Therefore the number of MPIs may be more
important than their exact location in rapidity.

The bottom line is that the MPI and string fragmentation frameworks are su�ciently
resilient that a rather significant change of PDF shape can be compensated by a retuning
of relevant parameters. Di↵erences could probably be found in more detailed studies, e.g.
in dnminijet/d⌘ distributions over a large ⌘ range. Irrespective of that, there is no reason
to use NLO PDFs in regions where they are known not to be trustworthy.

5 Recommendation

If one is not satisfied to use an LO PDF set throughout, Pythia 8 o↵ers the possibility
to use two separate PDF sets in the simulation, with the switch PDF:useHard = on.

One set can then be used exclusively for the hard process itself, where presumably
both x and Q2 are large. None of the issues raised above therefore matter, and one is
at liberty to use LO or NLO PDFs to calculate the (di↵erential and total) cross section
of the process. Insofar as the PDFs are combined with the built-in LO MEs, the overall

3

๏👎 Cross term dominates;  
๏The PDF becomes negative

Not so important for high-pT processes because 1) DGLAP evolution fills up low-x region, 2) kinematics restricted to higher x, 3) smaller  αs

The issue with NLO gluons at low x
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General-Purpose MC Generators are used to address very diverse physics phenomena and 
connect (very) high and (very) low scales ➤ Big dynamical range!

Some Desirable Properties for PDFs for Event Generators

1. Stable (& positive) evolution to rather low  scales, e.g.  
ISR shower evolution and MPI go all the way down to the MC IR cutoffs ~ 1 GeV 

2. Extrapolates sensibly to very low  (at LHC), especially at low .  
“Sensible” ~ positive and smooth, without (spurious) structure 
Constraint for perturbative MPI:       

Main point: MPI can probe a large range of , beyond the usual  

(Extreme limits are mainly relevant for ultra-forward / beam-remnant fragmentation) 

3. Photons included as partons 
Bread and butter for part of the user community 

4. LO or equivalent in some form (possibly with , relaxed momentum sum rule, …) 
Since MPI Matrix Elements are LO; ISR shower kernels also LO (so far) 

5. Happy to have NnLO ones in a similar family.  
E.g., for use with higher-order MEs for the hard process.  
Useful (but possible?) for these to satisfy the other properties too?

Q2 Q0 ≲ 1 GeV

x ∼ 10−8 Q ∼ Q0

̂s ≥ (1 GeV)2 ⟹ xLHC ≳ 10−8 (xFCC ≥ 10−10)

x ∼ 10−4

αeff
s


