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Figure from arXiv:2203.11601:    (all-jets)pp → t t̄

DPS = Special Case* of 

MPI 

Multi-Parton Interactions
*Except for dedicated dShower 
[Cabouat, Gaunt, Ostrolenk 2019] 
Not covered here

1

https://inspirehep.net/literature/1739382


MPI

2

•Each proton = beam of partons   
•  For each type of parton-parton scattering process, expect: 

•

   per  hadron-hadron interaction  

๏QCD 2➜2 scattering dominated by -channel gluon exchange   
๏   exceeds 1 for (several GeV)  MPI    (+ hard tails with  ➜ DPS, TPS, …) 

๏Further key building blocks ➜ next slides

⟹
σparton-parton
σhadron-hadron

∼ ⟨n⟩parton−parton

t ∝ α2
s

̂p4
⊥

⟹ ⟨n⟩ ̂p⊥ ∼ 𝒪 ⟹ ⟨n⟩ ≪ 1

๏IR regularisation (Unitarity/Screening/Saturation)  
๏Impact-parameter ( ) dependence  

๏Multi-parton PDFs   
๏Interleaved Evolution 

๏Conservation laws 
๏Colour reconnectionsb



➊ IR regularisation &  dependenceb

3

(normalised to give same )σND

IR-divergent

   

Regulated by 


Hard cutoff  


or Smooth 


Interpret as ( -dependent) 
colour-screening distance 

~ poor man’s “saturation” 


Ensures  = finite

σparton−parton ∝ 1/p2n
T

pTmin

p2n
⊥ /(p2

⊥+p2
⊥0)

n

s

limp⊥→0 ⟨n⟩MPI

Smear hadron PDFs across effective 
transverse mass distribution

or

⟨n⟩MPI → ⟨n(b)⟩MPI

 Triggering on hard processes biases selection 
to small impact parameters, with larger-than-
average matter overlaps  higher 


 “Pedestal Effect” (UE > MB)

(   for 2nd and subsequent scatterings)

⇒

⟹ ⟨n(b)⟩MPI

⟹
⇔ σeff < σND

e.g.,

[Sjöstrand & van Zijl 1987]



➋ Multi-parton evolution (in PYTHIA)
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๏1987 [Sjöstrand & van Zijl, Phys.Rev.D 36 (1987) 2019] 
•MPI cast as Sudakov-style evolution in pT 
analogous to the one for showers 

๏2005 [Sjöstrand & Skands, Eur.Phys.J.C 39 (2005) 129] 
•Interleave MPI & ISR evolutions in one 
common sequence of pT  
•➜ ISR & MPI “compete” for the 
remaining available  in the proton. 

๏2011 [Corke & Sjöstrand, JHEP 03 (2011) 032] 
•Also include FSR in interleaving  

๏2021 [Brooks, PS, Verheyen, SciPost Phys. 12 (2022) 3] 
•Also include Resonance Decays in 
interleaving (VINCIA)

x

Figure from Sjöstrand & Skands, 2005
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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

๏2004 [Sjöstrand & Skands, JHEP 03 (2004) 053] 
•Simple multi-parton PDFs with 
momentum & flavour correlations

๏ Interleaved Evolution

https://inspirehep.net/literature/245684
https://arxiv.org/abs/hep-ph/0408302
https://arxiv.org/abs/1011.1759
https://arxiv.org/abs/2108.10786


Some observable consequences of MPI
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36 A MULTIPLE-INTERACTION MODEL FOR THE EVENT. . . 2031

diffractive system. Each system is represented by a string
stretched between a diquark in the forward end and a
quark in the other one. Except for some tries with a dou-
ble string stretched from a diquark and a quark in the for-
ward direction to a central gluon, which gave only modest
changes in the results, no attempts have been made with
more detailed models for diHractive states.

V. MULTIPLICITY DISTRIBUTIONS

The charged-multiplicity distribution is interesting,
despite its deceptive simplicity, since most physical
mechanisms (of those playing a role in minimum bias
events) contribute to the multiplicity buildup. This was
illustrated in Sec. III. From now on we will use the
complete model, i.e., including multiple interactions and
varying impact parameters, to look more closely at the
data. Single- and double-difFractive events are now also
included; with the UA5 triggering conditions roughly —,

of the generated double-diffractive events are retained,
while the contribution from single diffraction is negligi-
ble.

A. Total multiplicities

A final comparison with the UA5 data at 540 GeV is
presented in Fig. 12, for the double Gaussian matter dis-
tribution. The agreement is now generally good, although
the value at the peak is still a bit high. In this distribu-
tion, the varying impact parameters do not play a major
role; for comparison, Fig. 12 also includes the other ex-

treme of a ftx overlap Oo(b) (with the use of the formal-
ism in Sec. IV, i.e., requiring at least one semihard in-
teraction per event, so as to minimize other differences).
The three other matter distributions, solid sphere, Gauss-
ian and exponential, are in between, and are all compati-
ble with the data.
Within the model, the total multiplicity distribution

can be separated into the contribution from (double-)
diffractive events, events with one interaction, events
with two interactions, and so on, Fig. 13. While 45% of
all events contain one interaction, the low-multiplicity
tail is dominated by double-diffractive events and the
high-multiplicity one by events with several interactions.
The average charged multiplicity increases with the
number of interactions, Fig. 14, but not proportionally:
each additional interaction gives a smaller contribution
than the preceding one. This is partly because of
energy-momentum-conservation effects, and partly be-
cause the additional messing up" when new string
pieces are added has less effect when many strings al-
ready are present. The same phenomenon is displayed in
Fig. 15, here as a function of the "enhancement factor"f (b), i.e., for increasingly central collisions.
The multiplicity distributions for the 200- and 900-GeV

UA5 data have not been published, but the moments
have, ' and a comparison with these is presented in Table
I. The (n, t, ) value was brought in reasonable agreement
with the data, at each energy separately, by a variation of
the pro scale. The moments thus obtained are in reason-
able agreement with the data.

B. Energy dependence

10
I I I I I I I i.

UA5 1982 DATA

UA5 1981 DATA

Extrapolating to higher energies, the evolution of aver-
age charged multiplicity with energy is shown in Fig. 16.
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FIG. 12. Charged-multiplicity distribution at 540 GeV, UA5
results (Ref. 32) vs multiple-interaction model with variable im-
pact parameter: solid line, double-Gaussian matter distribution;
dashed line, with fix impact parameter [i.e., 00(b)]

FIG. 13. Separation of multiplicity distribution at 540 GeV
by number of interactions in event for double-Gaussian matter
distribution. Long dashes, double diffractive; dashed-dotted
one interaction; thick solid line, two interactions; dashed line,
three interactions; dotted line, four or more interactions; thin
solid line, sum of everything.

Minimum Bias
Charged-Track Multiplicity

MPI with - 
dependence

b

MPI without  
-dependenceb

without multiple interactions

Without  
MPI

[Sjöstrand & van Zijl 1987]
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Figure 22: pp collisions at 7 TeV. UE (“Transverse region”) transverse-momentum sum density (left)
and charged-track density (right), compared with ATLAS data [98].

|⌘| < 2.5 [98]. As is now well known the Tevatron extrapolations (represented here by Tune 2C)
predicted a UE level which was 10% – 20% below the LHC data. Both the current default tune 4C
(which included LHC data) and the Monash 2013 tune exhibit significantly better agreement with the
LHC measurements, with the Monash one giving a slight additional improvement in the �2

5% values.
We conclude that the Monash 2013 tune parameters are appropriate for both min-bias and UE studies.

3.5 Identified Particles at LHC

While the description of inclusive charged particles, discussed in the previous section, is acceptable,
larger discrepancies emerge when we consider the spectra of identified particles. We here focus on
strange particles, in particular K0

S mesons and ⇤0 hyperons in figs. 23 and 24, respectively. The
experimental measurements come from CMS [99]. Additional comparisons to strange-particle spectra
(K⇤, �, and ⌅) are collected in appendix B.2.

In the K0
S rapidity distribution, shown in the left-hand pane of fig. 23, we observe that tune 4C

exhibits a mild underproduction, of about 10%. Though it might be tempting to speculate whether this
could indicate some small reduction of strangeness suppression in pp collisions, however, we already
noted in section 2.1 that the strangeness production in ee collisions also needed to be increased by
about 10%. After this adjustment, we see that the overall K0

S yield in the Monash 2013 tune is fully
consistent with the CMS measurement. Nonetheless, we note that the momentum distribution is still
not satisfactorily described, as shown in the right-hand pane of fig. 23. Our current best guess is
therefore that the overall rate of strange quarks is consistent, at least in the average min-bias collision
(dedicated comparisons in high-multiplicity samples would still be interesting), but that the phase-
space distribution of strange hadrons needs more work. Similarly to the case in ee collisions, cf. fig. 6,
the model predicts too many very soft kaons, though we do not currently know whether there is a
dynamic link between the ee and pp observations.

For strange baryons, we note that the increase in the ⇤0 fraction in ee collisions (cf. fig. 5) does
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Figure 22: pp collisions at 7 TeV. UE (“Transverse region”) transverse-momentum sum density (left)
and charged-track density (right), compared with ATLAS data [98].

|⌘| < 2.5 [98]. As is now well known the Tevatron extrapolations (represented here by Tune 2C)
predicted a UE level which was 10% – 20% below the LHC data. Both the current default tune 4C
(which included LHC data) and the Monash 2013 tune exhibit significantly better agreement with the
LHC measurements, with the Monash one giving a slight additional improvement in the �2

5% values.
We conclude that the Monash 2013 tune parameters are appropriate for both min-bias and UE studies.

3.5 Identified Particles at LHC

While the description of inclusive charged particles, discussed in the previous section, is acceptable,
larger discrepancies emerge when we consider the spectra of identified particles. We here focus on
strange particles, in particular K0

S mesons and ⇤0 hyperons in figs. 23 and 24, respectively. The
experimental measurements come from CMS [99]. Additional comparisons to strange-particle spectra
(K⇤, �, and ⌅) are collected in appendix B.2.

In the K0
S rapidity distribution, shown in the left-hand pane of fig. 23, we observe that tune 4C

exhibits a mild underproduction, of about 10%. Though it might be tempting to speculate whether this
could indicate some small reduction of strangeness suppression in pp collisions, however, we already
noted in section 2.1 that the strangeness production in ee collisions also needed to be increased by
about 10%. After this adjustment, we see that the overall K0

S yield in the Monash 2013 tune is fully
consistent with the CMS measurement. Nonetheless, we note that the momentum distribution is still
not satisfactorily described, as shown in the right-hand pane of fig. 23. Our current best guess is
therefore that the overall rate of strange quarks is consistent, at least in the average min-bias collision
(dedicated comparisons in high-multiplicity samples would still be interesting), but that the phase-
space distribution of strange hadrons needs more work. Similarly to the case in ee collisions, cf. fig. 6,
the model predicts too many very soft kaons, though we do not currently know whether there is a
dynamic link between the ee and pp observations.

For strange baryons, we note that the increase in the ⇤0 fraction in ee collisions (cf. fig. 5) does
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Underlying Event (TRNS)
Sum(pT) vs pT of hardest track

M
PI

[Skands et al., Monash Tune 2013]
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(Note: here, all MPI 
are counted in nMPI, 
including very low-pT 
ones; a plot for hard 
SPS, DPS, etc, would 
look different.)

⟹ nCh

nMPI

Minimum Bias

⟨b
⟩ →

0

UE plateau a.k.a. 
jet pedestal a.k.a. 
“maximum bias” 
⟨b⟩ → 0



➌ Colour Reconnections (CR)

6

MPIMPI

dω̂0

๏MPI (or cut pomerons)  lots of coloured partons scattered into final state  
•Who gets confined with whom? 

๏Each has a colour ambiguity  
•QCD screening: random triplet has 1/9 chance 
to be in singlet state with random antitriplet: 

๏  ,    ,  etc.  

๏Many charges ➜ Colour Reconnections* 
(CR) more likely than not  

Expect Prob(no CR)  

Ambiguities ➜ Several models in PYTHIA 
Most advanced: QCD CR using approximate to SU(3) products [Christiansen & Skands, 2015]

⇒

∼ 1/N2
C ∼ 10 %

3 ⊗ 3 = 8 ⊕ 1 3 ⊗ 3 = 6 ⊕ 3

∝ (1 −
1

N2
C )

nMPI



Some observable consequences of CR
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Λ+
c production in pp and p–Pb collisions at

√
sNN = 5.02 TeV ALICE Collaboration

on the Λ+
c selection e”ciency was estimated by varying the selection on the kinematical and

topological properties of the Λ+
c decays, or the selection on the BDT response (from 3% to

15%). The uncertainty on the PID e”ciency was estimated by varying the selection on the
Bayesian probability variables (from 2% to 5%). The systematic effect on the e”ciencies due to
the shape of the simulated Λ+

c pT distribution was evaluated by reweighting the generated Λ+
c

from PYTHIA 6 to match the pT distribution obtained from FONLL calculations for D mesons
(maximum 1% uncertainty). The relative statistical uncertainty on the acceptance and e”ciency
correction was considered as an additional systematic uncertainty source (from 1–2% at low pT

to 3–5% at high pT). The uncertainties on fprompt were estimated by varying the hypothesis
on the production of Λ+

c from B-hadron decays to account for the theoretical uncertainties of
b-quark production within FONLL and experimental uncertainties on B-hadron fragmentation
(around 2% at low pT, and from 4% to 7% at high pT, depending on the analysis). Global
uncertainties of the measurement include those from the luminosity and Λ+

c branching ratios.
The raw-yield extraction uncertainty source are considered to be uncorrelated across pT bins,
while all other sources are considered to be correlated.

The results in each collision system from the two Λ+
c decay channels were averaged to obtain the

final results. A weighted average of the results was calculated, with weights defined as the inverse
of the quadratic sum of the relative statistical and uncorrelated systematic uncertainties. The
sources of systematic uncertainty assumed to be uncorrelated between different decay channels
were those due to the raw-yield extraction, the statistical uncertainties on the e”ciency and
acceptance, and those related to the Λ+

c selection. The remaining uncertainties were assumed to
be correlated, except the branching ratio uncertainties, which were treated as partially correlated
among the hadronic-decay modes as defined in [37].
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Fig. 1: Left: Prompt Λ+
c and D0 pT-differential cross section in pp collisions and in p–Pb collisions

at
√

sNN = 5.02 TeV. The results in p–Pb collisions are scaled with the atomic mass number A of the Pb

nucleus. Right: the Λ+
c /D0 ratio as a function of pT measured in pp collisions at

√
s = 5.02 TeV compared

with theoretical predictions (see text for details). Statistical uncertainties are shown as vertical bars, while

systematic uncertainties are shown as boxes, and the bin widths are shown as horizontal bars.

Figure 1 (left) shows a comparison of the Λ+
c pT-differential cross sections in pp and in p–Pb

collisions at
√

sNN = 5.02 TeV. The D0 pT-differential cross sections measured in the same
collision systems and at the same centre-of-mass energy during the same data taking periods [10,
50] are also shown. In order to compare the spectral shapes in the two different collision systems

5

High pT ~ LEP

×
10Without CR

With CRALICE data

⟨p⊥⟩(Nch)

Minimum-Bias: Average track pT vs NCh Heavy-Flavour Baryons

QCD CR with “String Junctions” 
➜ new source of low-pT baryonsPlot from mcplots.cern.ch [2401.10621]

Already noted in 1st MC MPI model [Sjöstrand & van Zijl 1987] [Sjöstrand & Skands 2002]

[Christiansen & Skands 2015]

[Altmann & Skands 2024]

http://mcplots.cern.ch


Recent case study:  productionB±
c

8

Tom Hadavizadeh

Project motivation

3

Production of doubly-heavy hadrons: 

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

Figure 8: Hard pair production and shower

9

c
c̄
c
c̄

GenXicc

gg → Ξ++
cc c̄c̄ . . .

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

Standalone generators are 
used to simulate the hard 
process


Event generators add the 
rest of the event

Single Parton Scattering or Double Parton Scattering?

QQ̄′ QQ′ q

Current status: Generally assumed SPS is the main mechanism 

Inclusively simulating doubly-heavy hadrons is slow with standard event generators  

SPS

Requires production of  and  quark (distinct from onia which receive contributions from )b c̄ g → QQ̄8 → QQ̄1

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.
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(a) Example of SPS: Pair
creation and gluon splitting.
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ble pair creation.
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(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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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
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Figure 9: Kinematic distributions of B+
c mesons generated with Bcvegpy and Pythia.
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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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Figure 9: Kinematic distributions of B+
c mesons generated with Bcvegpy and Pythia.
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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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Figure 9: Kinematic distributions of B+
c mesons generated with Bcvegpy and Pythia.
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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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Prediction: Doubly-heavy hadrons can come from different parton-
parton interactions

DPS: Double parton 
scattering

7 Experimental measurements and feasibility

In the Pythia simulation studies performed for this paper, the production of doubly-
heavy hadrons is predicted to have a significant contribution from DPS production pro-
cesses. New measurements of the relative cross section for the doubly-heavy hadrons with
respect to singly-heavy hadron as a function of the collision multiplicity would help iden-
tify if such contributions are present in nature, as proposed in Section 5. Unlike recent
observations of strangeness enhancements in the ratio of B0

s to B0 cross sections [39], the
enhancements from DPS are not expected to be localised. The most suitable doubly-
heavy hadron for this would be the B+

c meson. The significant yields reported in a
selection of di↵erent papers are listed in Table 6. Studies may also be feasible for ⌅++

cc

baryons.

Experiment Mode Yield Dataset Ref.
LHCb B+

c ! J/ µ+⌫ 19 000 Run1 [40]
LHCb B+

c ! J/ ⇡+ 25 181 Run1+Run2 [41]
LHCb B+

c ! J/ ⇡+⇡�⇡+ 9 497 Run1+Run2 [41]
LHCb B+

c ! J/ D+
s 1 135 Run1+Run2 [41]

LHCb B+
c ! B0

s⇡
+ 316 Run1+Run2 [41]

CMS B+
c ! J/ ⇡+ 7629 Run2 [42]

LHCb ⌅++
cc ! ⇤+

c K
�⇡+⇡+ 1598 Run2 [43]

LHCb ⌅++
cc ! ⌅+

c ⇡
+ 616 Run2 [43]

Table 6: Yields of doubly-heavy hadrons reconstructed in recent measurements at the LHC.
Run1 corresponds to

p
s = 7 TeV and/or 8 TeV, while Run2 corresponds to

p
s = 13 TeV.

The predicted fraction, fDPS ⌘ �(B+
c )DPS/[�(B+

c )SPS + �(B+
c )DPS], of B+

c mesons
produced in DPS processes varies as a function of pT (Fig. 27), implying the e↵ects
would be most pronounced at low-pT. This would motivate measuring the relative cross
sections as a function of the number of tracks in di↵erent pT regions. The DPS fraction
is not found to vary as a function of rapidity.
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Figure 27: Fraction of B+
c decays predicted to be produced by DPS processes as a function of

(left) pT and (right) rapidity in simulations samples produced by Pythia.

The contributions from DPS production mechanisms can also be studied in events
with one quarkonium and two singly-heavy hadrons, as discussed in Section 6. These
final states have the advantage that quarkonia can be e�ciently reconstructed using

26

90% of these  come from DPSB+
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.
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(a) Example of SPS: Pair
creation and gluon splitting.
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(b) Example of DPS: Dou-
ble pair creation.
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(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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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.
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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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Figure 9: Kinematic distributions of B+
c mesons generated with Bcvegpy and Pythia.
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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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7 Experimental measurements and feasibility

In the Pythia simulation studies performed for this paper, the production of doubly-
heavy hadrons is predicted to have a significant contribution from DPS production pro-
cesses. New measurements of the relative cross section for the doubly-heavy hadrons with
respect to singly-heavy hadron as a function of the collision multiplicity would help iden-
tify if such contributions are present in nature, as proposed in Section 5. Unlike recent
observations of strangeness enhancements in the ratio of B0

s to B0 cross sections [39], the
enhancements from DPS are not expected to be localised. The most suitable doubly-
heavy hadron for this would be the B+

c meson. The significant yields reported in a
selection of di↵erent papers are listed in Table 6. Studies may also be feasible for ⌅++

cc

baryons.

Experiment Mode Yield Dataset Ref.
LHCb B+

c ! J/ µ+⌫ 19 000 Run1 [40]
LHCb B+

c ! J/ ⇡+ 25 181 Run1+Run2 [41]
LHCb B+

c ! J/ ⇡+⇡�⇡+ 9 497 Run1+Run2 [41]
LHCb B+

c ! J/ D+
s 1 135 Run1+Run2 [41]

LHCb B+
c ! B0

s⇡
+ 316 Run1+Run2 [41]

CMS B+
c ! J/ ⇡+ 7629 Run2 [42]

LHCb ⌅++
cc ! ⇤+

c K
�⇡+⇡+ 1598 Run2 [43]

LHCb ⌅++
cc ! ⌅+

c ⇡
+ 616 Run2 [43]

Table 6: Yields of doubly-heavy hadrons reconstructed in recent measurements at the LHC.
Run1 corresponds to

p
s = 7 TeV and/or 8 TeV, while Run2 corresponds to

p
s = 13 TeV.

The predicted fraction, fDPS ⌘ �(B+
c )DPS/[�(B+

c )SPS + �(B+
c )DPS], of B+

c mesons
produced in DPS processes varies as a function of pT (Fig. 27), implying the e↵ects
would be most pronounced at low-pT. This would motivate measuring the relative cross
sections as a function of the number of tracks in di↵erent pT regions. The DPS fraction
is not found to vary as a function of rapidity.

0 5 10 15 20
]c [GeV/

T
p

0
10
20
30
40
50
60
70
80
90

100

 (%
)

DP
S

f

4− 2− 0 2 4
y

0
10
20
30
40
50
60
70
80
90

100

 (%
)

DP
S

f

Figure 27: Fraction of B+
c decays predicted to be produced by DPS processes as a function of

(left) pT and (right) rapidity in simulations samples produced by Pythia.

The contributions from DPS production mechanisms can also be studied in events
with one quarkonium and two singly-heavy hadrons, as discussed in Section 6. These
final states have the advantage that quarkonia can be e�ciently reconstructed using
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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.
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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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su�ciently close in phase space and which have a non-zero probability to be in an overall
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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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Prediction: Doubly-heavy hadrons can come from different parton-
parton interactions

DPS: Double parton 
scattering

7 Experimental measurements and feasibility

In the Pythia simulation studies performed for this paper, the production of doubly-
heavy hadrons is predicted to have a significant contribution from DPS production pro-
cesses. New measurements of the relative cross section for the doubly-heavy hadrons with
respect to singly-heavy hadron as a function of the collision multiplicity would help iden-
tify if such contributions are present in nature, as proposed in Section 5. Unlike recent
observations of strangeness enhancements in the ratio of B0

s to B0 cross sections [39], the
enhancements from DPS are not expected to be localised. The most suitable doubly-
heavy hadron for this would be the B+

c meson. The significant yields reported in a
selection of di↵erent papers are listed in Table 6. Studies may also be feasible for ⌅++

cc

baryons.

Experiment Mode Yield Dataset Ref.
LHCb B+

c ! J/ µ+⌫ 19 000 Run1 [40]
LHCb B+

c ! J/ ⇡+ 25 181 Run1+Run2 [41]
LHCb B+

c ! J/ ⇡+⇡�⇡+ 9 497 Run1+Run2 [41]
LHCb B+

c ! J/ D+
s 1 135 Run1+Run2 [41]

LHCb B+
c ! B0

s⇡
+ 316 Run1+Run2 [41]

CMS B+
c ! J/ ⇡+ 7629 Run2 [42]

LHCb ⌅++
cc ! ⇤+

c K
�⇡+⇡+ 1598 Run2 [43]

LHCb ⌅++
cc ! ⌅+

c ⇡
+ 616 Run2 [43]

Table 6: Yields of doubly-heavy hadrons reconstructed in recent measurements at the LHC.
Run1 corresponds to

p
s = 7 TeV and/or 8 TeV, while Run2 corresponds to

p
s = 13 TeV.

The predicted fraction, fDPS ⌘ �(B+
c )DPS/[�(B+

c )SPS + �(B+
c )DPS], of B+

c mesons
produced in DPS processes varies as a function of pT (Fig. 27), implying the e↵ects
would be most pronounced at low-pT. This would motivate measuring the relative cross
sections as a function of the number of tracks in di↵erent pT regions. The DPS fraction
is not found to vary as a function of rapidity.
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Figure 27: Fraction of B+
c decays predicted to be produced by DPS processes as a function of

(left) pT and (right) rapidity in simulations samples produced by Pythia.

The contributions from DPS production mechanisms can also be studied in events
with one quarkonium and two singly-heavy hadrons, as discussed in Section 6. These
final states have the advantage that quarkonia can be e�ciently reconstructed using
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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.
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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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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
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Figure 12: Kinematic distributions of ⌅++
cc baryons generated with Pythia and GenXicc.
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number of parton interactions in a collision and (right) the number of charged particles within
the pseudo-rapidity region 2.0 < ⌘ < 4.5, as generated with Pythia.

number of parton interactions and the number of charged tracks within 2.0 < ⌘ < 4.5.
There is a contribution from J/ mesons formed from c and c quarks from di↵erent par-
ton interactions, however this is much smaller than the total rate of J/ production. To
increase the fraction of events with DPS contributions, events with both a J/ meson
and two additional charm hadrons can be reconstructed. This removes events in which
there is only a single quark pair and leads to a di↵erent set of measurements that can be
made as discussed in the next Section.

6 Associated production of singly- and doubly-heavy

hadrons in events with multiple QQ̄ pairs

In proton-proton collisions that produce two pairs of heavy quarks, i.e. cc̄cc̄, cc̄bb̄ or
bb̄bb̄, information about the production mechanisms can be inferred from the relative
properties of a doubly-heavy hadron and two singly-heavy hadrons that can be formed
from the additional heavy quarks. Examples of the di↵erent combinations of doubly- and
singly-heavy associated productions are listed in Table 5, where singly-heavy hadrons
containing a heavy quark are represented by XQ. Only the B+

c meson, b- and c-flavoured
quarkonia and ⌅++

cc baryon have currently been observed [29, 30,32–35].

cc̄cc̄ cc̄bb̄ bb̄bb̄
Doubly-heavy meson B+

c XbXc̄

(excluding quarkonia)

Doubly-heavy baryons ⌅ccXc̄Xc̄ ⌅bcXb̄Xc̄ ⌅bbXb̄Xb̄

⌦ccXc̄Xc̄ ⌦bcXb̄Xc̄ ⌦bbXb̄Xb̄

Quarkonia  (nS)XcXc̄  (nS)XbXb̄ ⌥(nS)XbXb̄

⌥(nS)XcXc̄

Table 5: Examples of combinations of doubly- and singly-heavy hadrons in processes with two
pairs of heavy quarks.
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Our veto function only accepts events that fulfil at least one of the following two
conditions: 1) the hard process itself contains the requisite heavy flavour (by which
we include any onium containing it or a heavier quark that can decay to it), in which
case a flag may also be set to bypass any downstream vetoes, or 2) the starting scale
for MPI and showers is above our user-defined veto scale, so that we want to give
MPI and/or showers a chance to produce the heavy flavour. This essentially means
that gg! gg events with p̂? < O(mQ) can be rejected already at this stage, with
minimum processing.

Event-evolution veto: If the hard-scattering process did not contain the requisite heavy
flavour but was allowed a chance to produce it via MPI and/or showers, the event is
inspected again when the evolution reaches our veto scale, and is now rejected if the
required flavour (again including onia and/or heavier flavours) is still not present
in the event.

The improvement in e�ciency when generating samples with these two UserHooks is
investigated for samples of events containing bb̄ or cc̄. The time taken to generate the
QQ̄ pairs is compared to a baseline without the UserHooks included. All timing tests are
performed using an Apple M1MacBook Pro.4 The relative speed-up and fraction of events
missed due to the evolution scale definition are shown for bb̄ pairs in Fig. 6. A significant
improvement in e�ciency is found when generating bb̄ pairs with the UserHooks. The
improvement is less significant when generating cc̄ pairs because the smaller c-quark mass
means the event evolution must continue further before the event can be vetoed.

The pT distribution of B hadrons in events that are not retained by the UserHooks
are shown in Fig. 7. This sample, produced with the Simple Shower model misses bb
pairs produced in both the parton shower and as additional MPI interactions. Overall,

4The timing studies were performed using single-core jobs. Benchmarking tests suggest in this con-
figuration the machine has a CPU power of approximately 44 HS06.
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Outstanding Issues & Outlook
Evolution Equations & Efficiency 
PYTHIA’s FSR & MPI evolved in ~ physical pT 


 Heavy quarks Q can be created at 


Unphysical (& slow) ➜ reformulate FSR & MPI evolution


Contrast Different Physics Models?  
Alternative MPI+CR implementations? 
Coalescence?

Thermal (HI-inspired) Models?


Suppression due to spatial separation of MPI? 
(arguments both for and against)


What does data say? ➜ Eagerly awaiting measurements! 
+ if large enhancements confirmed ➜ reevaluate physics potential for BSM sensitivity?

⇒ pTevol < mQ
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Extra Slides
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How many MPI?
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Figure 16: pp collisions at 7 TeV. Number of MPI in inelastic events.

For the Monash tune, we have chosen a slightly more peaked transverse matter profile [27],
thus generating a relatively larger UE for the same average MB quantities. We note, however, that
there are still several indications that the dynamics are not well understood, in particular when it
comes to very low multiplicities (overlapping with diffraction), very high multiplicities (e.g., the so-
called CMS “ridge” effect [88]), and to identified-particle spectra (e.g., possible modifications by
re-scattering [89], string boosts from colour reconnections [90], or other collective effects).

For the 7-TeV reference energy we focus on here (energy scaling will be studied in the following
subsection), the relevant parameters in the code are:

# Hadron transverse mass overlap density profile
MultipartonInteractions:bProfile = 3
MultipartonInteractions:expPow = 1.85

# IR regularization scale for MPI and energy scaling
MultipartonInteractions:pT0Ref = 2.28
MultipartonInteractions:ecmRef = 7000.
MultipartonInteractions:ecmPow = 0.215

The slightly more peaked matter distribution, combined with a relatively low p?0 value, produces
an intrinsically broader distribution in the number of parton-parton interactions (MPI), illustrated by
the theory-level plot in fig. 16.

The sampling of the PDFs by MPI initiators (including also the hardest scattering in our definition
of “MPI”), as a function of parton x values, is illustrated in fig. 17, for the three tunes considered in this
paper. The top left-hand pane shows the most inclusive quantity, simply the probability distribution of
the x value of all MPI initiators (again, we emphasize that we include the hardest-interaction initiators
in our definition of “MPI” here), on a logarithmic x axis. Here we see that the NNPDF tune has
a harder distribution both at large and small x as compared to the CTEQ6L1 tunes. The effect is
particularly marked at small x. Since MPI is dominated by the low-Q gluon PDF, cf. fig. 12, this
is precisely what we expect; the shape of the distribution of sampled x values follows that of the
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subsection), the relevant parameters in the code are:
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MultipartonInteractions:bProfile = 3
MultipartonInteractions:expPow = 1.85

# IR regularization scale for MPI and energy scaling
MultipartonInteractions:pT0Ref = 2.28
MultipartonInteractions:ecmRef = 7000.
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The slightly more peaked matter distribution, combined with a relatively low p?0 value, produces
an intrinsically broader distribution in the number of parton-parton interactions (MPI), illustrated by
the theory-level plot in fig. 16.

The sampling of the PDFs by MPI initiators (including also the hardest scattering in our definition
of “MPI”), as a function of parton x values, is illustrated in fig. 17, for the three tunes considered in this
paper. The top left-hand pane shows the most inclusive quantity, simply the probability distribution of
the x value of all MPI initiators (again, we emphasize that we include the hardest-interaction initiators
in our definition of “MPI” here), on a logarithmic x axis. Here we see that the NNPDF tune has
a harder distribution both at large and small x as compared to the CTEQ6L1 tunes. The effect is
particularly marked at small x. Since MPI is dominated by the low-Q gluon PDF, cf. fig. 12, this
is precisely what we expect; the shape of the distribution of sampled x values follows that of the
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Minimum Bias
Number of MPI (pTmin ~ 2 GeV)

p⊥0 = 2.28 GeV

Note: this is the number of all 
MPI, including low-pT ones, in 
an inclusive sample of inelastic 
non-diffractive events.

The probability for events with 
hard DPS (etc) is much smaller. 

(According to PYTHIA simulation; take with a grain of salt —point is that there are many)


