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Today I will give an overview of our recent studies into doubly-heavy 
hadron production

1. Efficiently simulating heavy quarks with Pythia


2. Predicting doubly-heavy hadron production


3. What should we measure experimentally?   
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Production of doubly-heavy hadrons: 

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

Figure 8: Hard pair production and shower
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Figure 7: MPI pair production and MPI pair production (bb̄ and cc̄)

Figure 8: Hard pair production and shower
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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  
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Heavy quarks and Pythia
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- In proton-proton collisions there are three ways heavy quarks are 
produced via perturbative QCD 

p

p

b

b̄

(a) Pair creation.
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(c) Gluon splitting in parton
shower.

Figure 1: Examples of production mechanisms for heavy quarks in proton-proton collisions.
The incoming, outgoing and intermediate particles of the process considered to be the hardest
process are highlighted in red. In the case of flavour excitation, the b̄ quark shown at the bottom
represents the companion quark produced as a result of the initial-state evolution.
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Figure 2: Di↵erential cross-section in the transverse angle between the two b-hadrons in Pythia
simulations with exactly two b-hadrons.

splitting in parton showers [18]. The processes are classified according to the interaction
with the largest momentum transfer, referred to here as the hard interaction.

Pair creation involves a gg ! QQ̄2 or qq̄ ! QQ̄ hard interaction, as shown in Fig. 1a,
that, in the absence of significant initial-state radiation, creates outgoing heavy quarks
with equal and opposite transverse momenta. The resulting heavy hadrons formed from
the heavy quarks similarly have a strong tendency to be back-to-back in the transverse
plane, as shown in Fig. 2 for bb̄ production.

Flavour excitation is the process involving one heavy quark: Qg ! Qg or Qq !

Qq, represented in Fig. 1b. In this process a virtual QQ̄ pair is produced as part of
the initial-state evolution of one of the incoming protons, and one of them, say the Q,
subsequently interacts with a (non-heavy) parton from the other proton. The Q̄ (a.k.a.
the “companion” quark of the scattered heavy quark [19]) is ejected as part of the initial-
state evolution of the incoming remnant at a lower scale, with less transverse momentum
and significantly less correlation with the direction of the Q, as shown in Fig. 2.

2Q here represents heavy quarks and q represents light quarks
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Pair creation Flavour excitation Gluon splitting

- The first two involve heavy quarks in the hard process, so can be 
simulated efficiently 


- Heavy quarks in produced in parton showers or in additional 
parton-parton interactions require inclusive samples

How can we generate these more efficiently?
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Speeding up Pythia
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Userhooks
Inspect the event 
and veto if there 
isn’t what we want 

Measurements of the cross sections of multiple heavy hadrons suggest that MPIs play a
significant role in the production of multiple heavy quark pairs at hadron colliders [1–5].
However, the question of how partons originating from di↵erent parts of the protons
become bound into hadrons is still a✏icted with significant uncertainties. In general-
purpose event generators like Pythia, this is controlled by a combination of perturbative
heavy-quark production mechanisms (hard scatterings, MPI, and parton showers) and
semi-empirical models of colour reconnections with [10, 20] and without [7, 8] space-time
dependence. The simple diagrams in Fig. 3 demonstrate how B+

c mesons formed from
the b̄c combinations could provide an ideal probe into the hadronisation process. This is
unique to doubly-heavy hadrons, since light quarks are mainly created nonperturbatively
and hence do not have the same character of being associated with specific short-distance
processes in the colliding protons.

4 E�cient simulation of events with heavy hadrons

in Pythia

Generating unbiased events with multiple pairs of heavy quarks and doubly-heavy hadrons
with Monte Carlo event generators can be very time consuming as few events will fulfil
the requirements to form the doubly-heavy hadrons. A method of enhancing the e�-
ciency to produce events containing heavy quarks in Pythia is outlined here, and can
be applied to both singly- and doubly-heavy hadrons.

Pythia provides user-configurable classes called UserHooks aimed at allowing the
user to inspect and veto events at di↵erent stages during the event evolution. These can
be exploited to veto events that do not contain the requisite heavy quarks early on in
the generation, removing time spent evolving and hadronising events that will never be
accepted.

(a) Process Level. (b) During evolution. (c) Parton Level. (d) Hadronisation.

Figure 4: Simple representations of di↵erent stages during the event evolution in Pythia.

The UserHook stages that are utilised to improve the e�ciency are:

• Hard-process-level veto: This veto inspects the event after the most energetic
parton interaction has occurred, as represented in Fig 4a;

• Event-evolution veto: In Pythia the event is evolved from the hard-interaction
scale down to the hadronisation scale. During this process, the event can be in-
spected when the evolution reaches an arbitrary (user-defined) value of the evolution
scale, illustrated in Fig 4b;
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Yes
No

Yes
No

Is there the required heavy quark, 
or enough energy to create one?

Is there the required 
heavy quark?

Are there the required heavy 
quarks? (If you want more 
than one)

Keep!

Try again Try again Try again 

We can check at 
difference energy 
scales  μ

This saves the time spent evolving and hadronising events we later 
discard 

μ = s μ = ΛQCDμ = mb
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Figure 5: Di↵erential creation probabilities for b quarks, as a function of the Pythia p? evolu-
tion parameter p?evol, for a reference gg ! gg hard process with p̂? = 25 GeV in proton-proton
collisions at

p
s = 10 TeV. The solid red line shows FSR g ! bb̄ branchings, the dashed blue

one shows ISR gluons backwards-evolving to b quarks, and the dotted black one shows MPI
pair-creation and flavour-excitation processes. The vertical dashed gray line indicates the de-
fault value of the b quark mass in Pythia, mb = 4.8 GeV.

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.

7

These user hooks have 
significantly reduced 
generation times

Current implementation isn’t perfect

- Small probability for heavy quarks to be 
produced at scales below their mass 
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Doubly heavy hadrons
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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.
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c

c̄
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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.

4

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
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b
b̄c
c̄

BcVegPy

gg → B+
c bc̄

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



Tom Hadavizadeh

Pythia’s predictions
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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

12

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.

b

b̄
c

c̄

p

p

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

b

b̄

p

p

(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.

4

SPS: Single parton 
scattering

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.
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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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- Measuring the absolute  cross-section precisely is difficult 


- Requires theoretical input on branching fractions
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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.

4

Single parton scattering 

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.

4

Double parton scattering 
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- 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.
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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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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 
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- The specific model of colour reconnection affects the size of the 
DPS contribution 

Colour Connections: Between which partons do confining potentials form?

๏High-energy collisions with QCD bremsstrahlung + multi-parton interactions   
➤ final states with very many coloured partons 
๏ Who gets confined with whom?

๏Starting point for MC generators = Leading Colour limit  
๏  Probability for any given colour charge to accidentally be same as any other .  
๏  Each colour appears only once & is matched by a unique anticolour.

NC → ∞
⟹ → 0
⟹

Example (from new Pythia 8.3 manual): 

 + parton showere+e− → Z0 → qq̄

Colour flow represented using  
“Les Houches colour tags” 

Eg., 101, 102, … [hep-ph/0109068 , 
hep-ph/0609017]

Pythia uses the Leading Colour limit

Nc → ∞

Partons need to be reconnected to recover 
correct Nc

QCD-based CR Model: Rules of the Game

๏MPI + showers  partons with LC connections 
•Idea: stochastically allow (1/NC2) colour correlations, using SU(3) rules: 

(1)         for uncorrelated colour-anticolour pairs (allows “dipole CR”) 

(2)         for uncorrelated colour-colour pairs (allows “junction CR”)

⟹

3 ⊗ 3̄ = 8 ⊕ 1
3 ⊗ 3 = 6 ⊕ 3̄

๏Then choose between which ones to realise confining potentials  
•Smallest measure of “invariant string length”  number of hadrons∝

Illustrations by J. Altmann

Figure 2.6. Junction system, involving a Y-shaped string topology between three quarks.

Figure 2.7 shows the formation of junctions due to CR, showing the reconfiguration

of three qq̄ pairs into a junction and antijunction.

(a) (b)

Figure 2.7. (a) Strings spanning qq̄ pairs. (b) A reconfiguration of the strings instead forming

a junction and corresponding antijunction. This junction configuration can only form if the

overall qqq (and thus also q̄q̄q̄) are in an overall colour singlet state.

The string-fragmentation mechanism for junctions can be formulated as an exten-

sion (albeit a complicated one) of the model for a simple string stretched between a

qq̄ pair [17]. The inclusion of junction fragmentation results in a higher number of

baryonic final states as the baryon number of the junction topology is preserved by the

fragmentation process, as seen in Figure 2.8. It should be noted that though the total

number of baryonic final states increases (i.e.
P

|B| increases where B is the baryon
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Figure 15: Illustration of the two main stages of junction fragmentation. Left: first, the junction
rest frame (JRF) is identified, in which the pull directions of the legs are at 120� to each other.
(If no solution is found, the CM of the parton system is used instead.) The two lowest-energy
legs (A and B) in this frame are then fragmented from their respective endpoints inwards, towards
a fictitious other end which is assigned equal energy and opposite direction, here illustrated by
gray dashed lines. This fragmentation stops when any further hadrons would be likely to have
negative rapidities along the respective string axes. Right: the two leftover quark endpoints from
the previous stage (qA2 and qB3) are combined into a diquark (qq

AB
) which is then used as endpoint

for a conventional fragmentation along the last leg, alternating randomly between fragmentation
from the qC end and the qqAB end as usual.

describe the spacetime picture for qq pairs, based on methods developed in ref. [293].
From the linear potential V (r) = r, the equations of motion are

����
dpz,q/q

dt

���� =
����
dpz,q/q

dz

���� =
����
dEq/q

dt

���� =
����
dEq/q

dz

���� =  . (304)

The sign on each derivative is negative if the distance between the quark is increasing, and positive if
the distance is decreasing. After sampling Ehi and phi for each hadron, these equations lead to simple
relations between the space-time and momentum-energy pictures, zi�1�zi = Ehi/ and ti�1� ti = phi/,
where zi and ti denote the spacetime coordinates of the ith breakup point (note that zi�1 > zi since
points are enumerated from right to left). In the massless approximation, the endpoints are given by
z0,n = t0,n = ±

p
s/2. This specifies the breakup points, but there is still some ambiguity as to where the

hadron itself is produced. The default in Pythia 8.3 is the midpoint between the two breakup points, but
it is also possible to specify an early or late production vertex at the point where the light cones from the
two quark-antiquark pairs intersect.

A complete knowledge of both the spacetime and momentum pictures violates the Heisenberg un-
certainty principle. This is compensated for in part by introducing smearing factors for the production
vertices, but outgoing hadrons are still treated as having a precise location and momentum. Despite not
being a perfectly realistic model, there is no clear systematic bias in this procedure, and any inaccuracies
associated with this violation are expected to average out.

There are several further complications to these process. One is more complicated topologies such as
those involving gluons or junctions. Another is the fact that the massless approximation is poor for heavy
qq pairs. For massive quarks, instead of moving along their light cones, the quarks move along hyperbolae
E

2
� p

2

z = m
2
+ p

2

? = m
2

?. Both these issues are addressed in more detail in ref. [293].

7.1.5 Junction topologies

Junction topologies in their simplest form arise when three massless quarks in a colour-singlet state move
out from a common production vertex, a textbook example of which is given by a baryon-number-violating
supersymmetric decay �

0
! qqq. In that case it is assumed that each of them pull out a string piece,

a “leg”, to give a Y-shaped topology, where the three legs meet in a common vertex, the junction. This
junction is the carrier of the baryon number of the system: the fragmentation of the three legs from the
quark ends inwards will each result in a remaining quark near to the junction, and these three will form a
baryon around it.

120

Illustration from Pythia 8.3 manual

“Junction baryon”

New source of baryon+antibaryon pairs. 

Mainly at low pT (since junction baryon is 
not at “tip” of any of the jets).

Sjöstrand & Skands hep-ph/0212264 

Christiansen & Skands 1505.01681 

Christiansen & Skands 1505.01681 
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The sign on each derivative is negative if the distance between the quark is increasing, and positive if
the distance is decreasing. After sampling Ehi and phi for each hadron, these equations lead to simple
relations between the space-time and momentum-energy pictures, zi�1�zi = Ehi/ and ti�1� ti = phi/,
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points are enumerated from right to left). In the massless approximation, the endpoints are given by
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s/2. This specifies the breakup points, but there is still some ambiguity as to where the

hadron itself is produced. The default in Pythia 8.3 is the midpoint between the two breakup points, but
it is also possible to specify an early or late production vertex at the point where the light cones from the
two quark-antiquark pairs intersect.

A complete knowledge of both the spacetime and momentum pictures violates the Heisenberg un-
certainty principle. This is compensated for in part by introducing smearing factors for the production
vertices, but outgoing hadrons are still treated as having a precise location and momentum. Despite not
being a perfectly realistic model, there is no clear systematic bias in this procedure, and any inaccuracies
associated with this violation are expected to average out.

There are several further complications to these process. One is more complicated topologies such as
those involving gluons or junctions. Another is the fact that the massless approximation is poor for heavy
qq pairs. For massive quarks, instead of moving along their light cones, the quarks move along hyperbolae
E

2
� p

2

z = m
2
+ p

2

? = m
2

?. Both these issues are addressed in more detail in ref. [293].

7.1.5 Junction topologies

Junction topologies in their simplest form arise when three massless quarks in a colour-singlet state move
out from a common production vertex, a textbook example of which is given by a baryon-number-violating
supersymmetric decay �

0
! qqq. In that case it is assumed that each of them pull out a string piece,

a “leg”, to give a Y-shaped topology, where the three legs meet in a common vertex, the junction. This
junction is the carrier of the baryon number of the system: the fragmentation of the three legs from the
quark ends inwards will each result in a remaining quark near to the junction, and these three will form a
baryon around it.
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Illustration from Pythia 8.3 manual

“Junction baryon”

New source of baryon+antibaryon pairs. 

Mainly at low pT (since junction baryon is 
not at “tip” of any of the jets).

Sjöstrand & Skands hep-ph/0212264 

Christiansen & Skands 1505.01681 

Christiansen & Skands 1505.01681 

There are different models of colour reconnection 

QCD-CR: allows for ‘junction baryons’ to form 
(important for doubly-heavy baryons)

Junction 
CR

[Christiansen, Skands arxiv:1505.01681]

https://arxiv.org/abs/1505.01681
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6.5 Impact of the Colour Reconnection model

As mentioned briefly in Sec. 5.2 and discussed in more detail in [8, 9, 12], the QCD CR
model of [8] allows for coherent combinations of three SU(3) triplets (or antitriplets) into
colour-singlet states, connected via Y-shaped “string junctions” [31]. In the limit of a
small invariant mass between two heavy quarks, the junction topology (when allowed
by the CR selection rules [8]) reduces to a doubly-heavy diquark. In Pythia, this
mechanism is essentially the sole means by which doubly-heavy baryons can be produced
at all, making the rates and spectra of such baryons — and their dependence on event
characteristics such as NCharged — particularly sensitive probes of this type of colour-
space ambiguities. (Accordingly, we note that all of our Pythia results for doubly-heavy
baryons in this work were produced with the QCD CR option; otherwise the rates would
be essentially zero.)

The choice of CR model also has an impact on the relative size of the DPS contribution
to doubly-heavy meson production. The e↵ect of using the QCD CR model described
in Table 4 on the slope of the ratio of B+

c to B+ di↵erential cross sections is shown in
Fig 24. With the QCD CR model, the DPS contribution gets smaller, altering the slope of
the total distribution. As such, measurements of this distribution may help di↵erentiate
between the di↵erent models.
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Figure 24: Ratio of di↵erential cross-section of B+
c and B+ hadrons as a function of (left) the

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 both with the alternative
CR options specified in Table 4 (triangles) and with the default CR options (circles).

Similarly, the relative cross section distributions are found to vary in J/ XcXc̄ samples
generated with the QCD CR options enabled, as shown in Fig. 25. The contribution from
the DPS mixed configuration decreases whilst DPS unmixed increases, implying that the
likelihood for the heavy quarks from di↵erent parton-parton interactions to be combined
into a single hadron is sensitive to the choice of CR scheme. Additionally, the relative
transverse direction distributions are found to di↵er for the DPS configurations. The
corresponding distributions are shown in Fig. 26. Measurements of J XcXc̄ events may
additionally help to di↵erentiate between the di↵erent models of colour reconnection.

24

Default CR options are compared to QCD-CR: 

- If DPS contribution is 
observed in data, the 
slope could provide 
important information 

- The specific model of colour reconnection affects the size of the 
DPS contribution 
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- Our studies suggest the DPS contribution is largest at low 
transverse momentum  

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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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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- The contribution is uniform in rapidity


- This motivates measurements in both the forward and central 
regions 
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- Other than multiplicity there may be other quantities that tell us 
about the general character of the event 

- Another unique handle is: where do the other heavy quarks go?

We can study the correlations between the other heavy quarks 
to further probe the production

Any recommendations welcome!

compare with the standalone generator Bcvegpy. The angular separation in the trans-
verse view between the B+

c and the associated Xb hadron ��(B+
c , Xb) is plotted against

the same quantity between the B+
c and associated Xc hadron ��(B+

c , Xc̄) in Fig. 18
for the di↵erent generators and configurations. To ensure an unambiguous association
between the heavy quarks, only events with a total of one B+

c meson, one Xc̄ hadron and
one Xb hadron are used.
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Figure 18: Angular separation in the transverse view between B+
c mesons and the associated

Xb or Xc̄ hadron in events generated with the Bcvegpy and Pythia generators.

In the sample generated with Bcvegpy the generated events are found predominately
with large angles between the B+

c meson and Xb hadron, and small angles between the
B+

c and Xc̄ hadrons. This is consistent with the topology shown in Fig. 3a in which the bb̄
pair are produced in the hardest interaction, and therefore back-to-back in the transverse
plane. The c-quark resulting from a gluon splitting would then be produced in a cone
around the B+

c direction. In contrast, the DPS sample produced by Pythia introduces
the possibility of additional production mechanisms including those shown in Fig. 3b and
Fig. 3c. As such the distribution of events in the 2D plane is less localised as a result of
the contributions from many di↵erent associated production correlations.

6.2 Studies with ⌥ (1S)XcXc̄ events

Events containing both an ⌥ (1S) meson and XcXc̄ pair can only receive contributions
from the configuration referred to as unmixed. It therefore provides a suitable system to
test whether MPIs contribute significantly to events with multiple pairs of heavy quarks,
but cannot provide insight into the hadronisation of heavy quarks from di↵erent parton
interactions. The relative transverse distributions between the ⌥ (1S) meson and the Xc

and Xc̄ hadrons are shown in Fig. 19a and 19b . The two-dimensional distributions show
a clear di↵erence in the relative distributions of the two types of process. In the SPS
process the ⌥ (1S) meson has a strong tendency to be produced back-to-back to both
charm hadrons in the transverse plane. This could result from gg ! ⌥ (1S)g parton
interactions in which the outgoing gluon subsequently splits g ! cc. In contrast, in DPS
processes there is little correlation between the transverse directions. The predictions can
be compared to measurements by LHCb [4] by making a one-dimensional projection, as
shown in Fig. 19c. Only events in which both the ⌥ (1S) and one of the corresponding
Xc hadron are within the LHCb acceptance are compared in this figure. The data are
consistent with the predictions including DPS, but the significant di↵erence between the
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- Multiplicity measurements 


- We believe these are possible with  and/or  at LHC 
experiments 


- LHCb measurements now ongoing

B+
c Ξ++

cc

Challenges
These effects would be global properties of the collision, rather than localised 
effects 

p p

B+
c

Important to test this prediction by 
using track multiplicities in different 
regions  

e.g. forwards vs. backwards tracks 
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- Recent studies with Pythia suggest DPS may significantly  
contribute to doubly-heavy hadron production 


- Measurements of doubly-heavy hadron production as a function 
of event multiplicity can differentiate SPS vs. DPS production 


- If DPS contribution is observed it can provide further insight into 
colour reconnection modelling  


