
Forced 
hadronisation
Michal Kreps
LHCb-UK, Upgrade 2 meeting 
Birmingham, 9-10 July 2024



Signal generation at LHCb
➡ To get as good description as possible for beauty and charm hadrons, 

generate minimum bias events and search for corresponding hadron 
➡ Pileup adds complication as we have additional minimum bias events in the 

same bunch crossing 
➡ Algorithm: 
❖ Decide number of interaction in bunch crossing 
❖ In loop generate minimum bias events and if we do not have signal yet, decay all 

heavier particles, check for presence of signal and check whether it passes cuts 
❖ If we had signal event, we keep whole set, if we do not have signal, throw away 

➡ Event generator does full hadronisation even if it gets beyond point where 
signal particle can be created
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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.
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(b) During evolution.
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(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;

5

How to speed things up
➡ Event generation proceeds through several steps defined by appropriate 

energy scales  
➡ At each step can check whether event contains required quark or there is 

still possibility to create one 
➡ If there is no chance to obtain desired quark, abort process and generate 

event again
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Egede, Hadavizadeh, Singla, Skands, Vesterinen: Eur. Phys. J. C 82, 773 (2022)



Speed gain

➡ Typically about order of magnitude gain in speed
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Tom Hadavizadeh

Benefits 
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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.
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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 

Speed Gains & Subtlety
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No free lunch
➡ As usual, there is small bias 
➡ There is some chance to get b-quark quite down in energy evolution
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Figure 6: (Left) Relative speed enhancements of Pythia when generating bb̄ events with
process-level and evolution-level UserHooks. (Right) The fractions of bb̄ events that are not
retained by the UserHooks as a function of p̂T scale.
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Figure 7: Kinematic distribution of b-hadrons in Pythia samples generated with the Simple
Shower model. Those that are accepted or missed by the UserHooks discussed in the text with
a p̂T scale of 4 GeV are highlighted and further split according to whether the missed heavy
quarks originated during the parton shower or as an additional MPI process.

setting a p̂T scale of 4GeV gives a factor 10 improvement in simulation speed, but leads
to a small distortion in the pT spectra of the generated b hadrons.

The impact of these e�ciency improvements can further contextualised in terms of the
typical time taken to generate specific singly-heavy hadrons with Pythia. The typical
times with and without the developed UserHooks are listed in Table 1.

4.2 Simulating final states involving multiple QQ̄ pairs

When simulating events with multiple pairs of heavy quarks, the same Userhook vetoes
described previously in Section 4.1 can be utilised. In principle, for B+

c production and
the like, it would be useful to apply an event-evolution veto first at O(mb) and then again
at O(mc). However, with current versions of Pythia, the event can only be inspected at
a single value of the evolution scale. Therefore, we set the the event-evolution threshold
according to the heaviest quark being simulated, while the end-of-evolution parton-level
veto is used to check for any required secondary heavy flavour.

Parton-level veto: If both a bb̄ and a cc̄ pair is requested (and/or onia containing
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p
s = 10TeV. 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 default
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.
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How to use it in LHCb
➡ Our algorithms use single Pythia8 instance 
➡ Once we employ these tricks, we get particle with given quark every time 
❖ Cannot use same instance for pile-up events 

➡ Had some tricks to use different instances, but then proper configuration was 
very fragile and messy 
❖ not suitable for production of many different samples 

➡ T. Hadavizadeh developed new algorithm, which uses two Pythia8 instances, 
one for signal and other for pileup 
❖ Available in MR Gauss!944 

➡ Still need to sort out configuration with DecFiles package to be able to use it in 
general productions and verify setup
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https://gitlab.cern.ch/lhcb/Gauss/-/merge_requests/944


Colour reconnection
➡ For some time Pythia8 contains colour reconnection model with junctions, 

which improves production kinematics 
➡ Especially baryons get better 
➡ But code was too  

slow be usable in our  
production 

➡ Recently significant  
improvement in speed
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Recent Example: Heavy-Flavour Baryons at Low pT

5Peter Skands
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Figure 22. The top row shows the p? distributions of baryon-to-meson ratios, with the left panel
showing the prompt ⇤+

c /D
0 ratio from the ALICE collaboration [38] and the right panel shows the

⇤0
b/B

0 from the LHCb collaboration [46]. Both sets of data are for
p
s = 13 TeV inelastic events,

with rapidity ranges |y| < 0.5 and 2 < |y| < 4.5 respectively. The bottom row of plots shows the
⇤b asymmetry [39] for

p
s = 7 TeV events as a function of p? (left panel) and y (right panel) in the

rapidity range 2.15 < y < 4.10 and transverse momentum range 2 < pT < 27 GeV.

Another noticeable feature of fig. 21 is the underprediction of the ⌅/⇤ ratio, which is present
in all models shown. The ⌅/⇤ ratio is a baryon-to-baryon ratio of a double-strange to
single-strange baryon, thus this underprediction appears indicative of a need for strangeness
enhancement which cannot be described by the inclusion of junctions alone. We plan to
return to the question of strangeness enhancement in a separate study.

Turning now to heavy-flavour baryon-to-meson ratios, fig. 22 shows the prompt ⇤+
c /D

0

and ⇤0
b/B

0 ratios as a function of p?. When examining the success of the CR models, the
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Figure 22. The top row shows the p? distributions of baryon-to-meson ratios, with the left panel
showing the prompt ⇤+

c /D
0 ratio from the ALICE collaboration [38] and the right panel shows the

⇤0
b/B

0 from the LHCb collaboration [46]. Both sets of data are for
p
s = 13 TeV inelastic events,

with rapidity ranges |y| < 0.5 and 2 < |y| < 4.5 respectively. The bottom row of plots shows the
⇤b asymmetry [39] for

p
s = 7 TeV events as a function of p? (left panel) and y (right panel) in the

rapidity range 2.15 < y < 4.10 and transverse momentum range 2 < pT < 27 GeV.

Another noticeable feature of fig. 21 is the underprediction of the ⌅/⇤ ratio, which is present
in all models shown. The ⌅/⇤ ratio is a baryon-to-baryon ratio of a double-strange to
single-strange baryon, thus this underprediction appears indicative of a need for strangeness
enhancement which cannot be described by the inclusion of junctions alone. We plan to
return to the question of strangeness enhancement in a separate study.

Turning now to heavy-flavour baryon-to-meson ratios, fig. 22 shows the prompt ⇤+
c /D

0

and ⇤0
b/B

0 ratios as a function of p?. When examining the success of the CR models, the
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Figure 22. The top row shows the p? distributions of baryon-to-meson ratios, with the left panel
showing the prompt ⇤+

c /D
0 ratio from the ALICE collaboration [38] and the right panel shows the

⇤0
b/B

0 from the LHCb collaboration [46]. Both sets of data are for
p
s = 13 TeV inelastic events,

with rapidity ranges |y| < 0.5 and 2 < |y| < 4.5 respectively. The bottom row of plots shows the
⇤b asymmetry [39] for

p
s = 7 TeV events as a function of p? (left panel) and y (right panel) in the

rapidity range 2.15 < y < 4.10 and transverse momentum range 2 < pT < 27 GeV.

Another noticeable feature of fig. 21 is the underprediction of the ⌅/⇤ ratio, which is present
in all models shown. The ⌅/⇤ ratio is a baryon-to-baryon ratio of a double-strange to
single-strange baryon, thus this underprediction appears indicative of a need for strangeness
enhancement which cannot be described by the inclusion of junctions alone. We plan to
return to the question of strangeness enhancement in a separate study.

Turning now to heavy-flavour baryon-to-meson ratios, fig. 22 shows the prompt ⇤+
c /D

0

and ⇤0
b/B

0 ratios as a function of p?. When examining the success of the CR models, the
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Also: baryon asymmetry 
diluted by extra baryon pairs

String Formation Beyond Leading Colour, 
Christiansen & PZS, 1505.01681

New: String Junctions Revisited, 
Altmann & PZS, 2404.12040 

Christiansen & Skands, 1505.01681



FSR alternative in EvtGen
➡ Most general generators have now some FSR framework 
❖ Vincia in Pythia8 is coming, Photons++ in Sherpa ready to be used 

➡ We have implemented interface in EvtGen, so one can choose between 
Photos and Photons++ (and Vincia when released)

8

Sherpa’s PHOTONS++ for FSR

▪ PHOTONS++ in Sherpa can simulate emission of soft 
photons based on YFS approximation (mode 1)

▪ If switched on also hard photons based on collinear 
approximation (mode 2), with
▪ Approx. matrix-element corrections (mode 20) or
▪ Exact matrix-element corrections (mode 21)

▪ Using option 1, observed fewer hard photons with 
respect to PHOTOS (note that PHOTOS has matrix-
element corrections implemented)

▪ Generally good agreement with PHOTOS using 
options 20 and 21
 Will enable user to switch between options for 

systematic studies
6

Amount of radiated energy
𝐽/𝜓 → 𝜇+𝜇−

News regarding FSR

▪ Sherpa’s PHOTONS++ interface already in master 
branch and surely part of next release

▪ PHOTOS flag is deprecated by new general FSR flag
▪ User able to choose between PHOTOS (default) and 

Sherpa’s PHOTONS++
▪ Generally very good agreement between generators
▪ User able to modify (previously hard coded) 

parameters of PHOTOS and PHOTONS++
▪ Exact details will follow with new release 

9

𝐵0 → 𝐾+𝐾−𝜋+𝜋−

𝐷0 → 𝐾−𝜋+
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Sherpa’s PHOTONS++
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▪ User able to modify (previously hard coded) 
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9
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𝐷0 → 𝐾−𝜋+



Summary
➡ Couple of simple tricks can speed up event generation by Pythia8 
❖ Small bias is probably not too important 

➡ Relevant part is prepared for Gauss and need work on configuration to use 
it in production 

➡ Potentially might be able to replace also BcVegPy and GenXicc generators 
➡ Colour reconnection code in Pythia8 was optimised and we expect better 

description of production kinematics 
➡ FSR alternatives in EvtGen soon to be available in LHCb simulation 
➡ Work continues by Pythia8 authors on further improvements 
❖ We have close contact and should benefit relatively quickly

9


