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Figure 8: Hadronic Z decays at
p
s = 91.2GeV. Momentum (xB) spectra of weakly decaying B

hadrons, compared to data from DELPHI [63] (left) and SLD [64] (right)

StringZ:rFactB = 0.855

which produces softer B spectra and simultaneously agrees better with the theoretically preferred
value (rb = 1).

A comparison to the scaled-momentum spectra (xB = 2|pB|/Ecm) of weakly decaying B hadrons
from both DELPHI [63] and SLD [64] is given in fig. 8 (due to small differences between the two
measured results, we choose to show both). The dampening of the hardest part of the spectrum caused
by the increase in the rb parameter is visible in the right-most two bins of the distributions and in the
smaller �2

5% values for the Monash tune. The effects of the modification can be further emphasized
by an analysis of the moments of the distribution, in which the higher moments are increasingly
dominated by the region xB ! 1. A comparison to a combined LEP analysis of the moments of the
xB distribution [63] is given in fig. 9, further emphasizing that the high-xB part of the distribution is
now under better control.

The reason we have not increased the rb parameter further is that it comes at a price. If the
B hadrons are taking less energy, then there is more energy left over to produce other particles,
and the generated multiplicity distribution in b events already exhibits a slightly high tail towards
large multiplicities. Nonetheless, since the revised light-flavour fragmentation parameters produce an
overall narrower fragmentation function, the end result is still a slight improvement in the multiplicity
distribution also for b events. This is illustrated, together with the inclusive momentum distribution
for b-tagged events, in fig. 10, compared to measurements by L3 [26]. Interestingly, the multiplicity
distribution still appears to be too wide, but within the constraints of the present study, we were unable
to obtain further improvements. As a point of speculation, we note that the distribution of the number
of partons before hadronization is also quite wide in PYTHIA, and this may be playing a role in
effectively setting a lower limit on the width that can be achieved for the hadron-level distribution.

Comparisons to L3 event shapes in b-tagged events are collected in appendix B.1 (the left column
of plots contains light-flavour tagged event shapes, the right column b-tagged ones). In particular, the
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Quark Mass Effects in VINCIA 

2

๏Exact Phase Space 
•Dalitz Plots:  

๏Eikonal Mass Corrections 

•Combination of phase space and mass corrections  Dead Cone for  

๏Also: careful treatment of “quasi-collinear” limit + Soon: iterated MECs.

⟹ θ ≲
m
E

Peter Skands

1
yij

1

yjk
pK pI

(a) Qq̄ ! Qgq̄ (Q massive, q̄ massless)
1

yij

1

yjk
pK pI

(b) qq̄ ! qgq̄ (q massless)

Figure 1: Dalitz plot of the dipole-antenna phase space for IK ! ijk for massive partons (left) as compared
to massless ones (right), using the scaled invariants yab defined in equation (3) as coordinates. The boundary of
the physically allowed phase space is drawn as a solid grey line. Insets show the orientation of the ijk momenta
corresponding to the centre of each inset, in the CM frame of the parent partons, with parents oriented horizontally
and � chosen such that the gluon is radiated “upwards”. The mass values used in the left-hand pane are mI =
mi = 0.25mIK , mK = mk = mj = 0.

2.4 Pole structure

Since masses act as infrared regulators in the collinear region, the pole structure of massive amplitudes
is actually simpler (less divergent) than that of their massless counterparts. A specific example of this
is given in figure 2, in which we show the ratio of the amplitudes squared for the processes Z ! QgQ̄

relative to Z ! qgq̄, as a function of the Qg opening angle, for MZ = 91GeV, Eg = 10GeV and
mQ = 4.8GeV (Q stands for a massive quark while q stands for a massless one). The dip in the thick
solid line for ✓ij ! 0 is generated by the mass-shielding of the collinear enhancements, relative to the
massless case (thin line).

However, the calculation of observables with massive final state particles still involves the treatment
of potentially large mass-dependent logarithmic terms. They correspond to collinear divergences which
are regulated by the quark mass, therefore they become divergent in the massless limit. For observables
that are infrared safe in the massless limit, these logarithmic terms cancel in the final result, but they
can still appear at intermediate steps of the calculation, for example in the separate evaluation of real
and virtual contributions. They are of the form ln(Q2

/m
2), where m is the parton mass and Q is a

characteristic scale of the hard-scattering process. These mass-dependent logarithmic terms are related
to the quasi-collinear [31] limit of the matrix element, the definition of which we shall recall below.

In a fixed-order approach, the potentially large logarithmic contributions induced by mass terms are
taken care of in the context of subtraction methods [32]; terms which mimic the singular behaviour
of real matrix elements are added and subtracted. The construction of these terms relies heavily on
the factorization properties of amplitudes in their soft and (quasi-)collinear limits [31]. In the antenna
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Figure 2: Illustration of the dampening of the collinear singularity for Z ! QgQ̄: squared matrix elements with
(thick) and without (thin) mass corrections, normalized to the massless case, as a function of the opening angle
between the quark and the gluon, for constant Eg = 10GeV and mQ = 4.8GeV.

framework presented in [13, 14] (and in the dipole formalism [30] that predates it), the main building
blocks, massive antenna (dipole) functions and phase-space factorizations, are therefore constructed
so as to reproduce exactly the quasi-collinear and soft behaviours of real radiation matrix-elements in
the corresponding limits. For cross sections which are well-behaved in the massless limit, the explicit
cancellations of the ln(Q2

/m
2)-terms also ensure numerical stability in the limit m ! 0.

For some observables which are not infrared safe in their massless limit, such as ones sensitive to
the details of the fragmentation process for example, the cancellation of the mass-dependent logarithms
is incomplete. Terms of the form ↵

n
S lnn(Q2

/m
2) appear in every order of the expansion. In the case

of a large hierarchy m ⌧ Q, these terms jeopardize the convergence of the perturbative series. It is
necessary to resum them to all orders to obtain a meaningful result, as is done, for example, for the b-
quark fragmentation process in [33], to which we compare the massive VINCIA dipole-antenna shower
in section 5. However, in order to construct this shower, we must first consider the soft and quasi-
collinear limits more carefully and define how the massless splitting functions and soft Eikonal factors
are generalized in the presence of massive particles.

The infrared singularity properties of tree-level colour-ordered matrix elements involving only mass-
less partons have been well studied in [31]. In the limit where a gluon j is soft with respect to its
neighbouring partons i and k, the colour-ordered matrix-elements squared |Mn+1|

2 for (n+1) partons
factorizes into a universal soft Eikonal factor Sijk and a colour-ordered tree-level squared amplitude
where gluon j has been removed. For the squared amplitudes we have,

|Mn+1(1, · · · , i, j, k, · · · , n+ 1)|2
jg!0
���! g

2
sCijk Sijk |Mn(1, · · · , i, k, · · · , n+ 1)|2 (28)

where g
2
s = 4⇡↵s is the strong coupling, Cijk is a colour factor that tends to NC in the leading-colour

limit, and the massless Eikonal factor is given by

Sijk =
2sik
sijsjk

. (29)

Similarly when two neighbouring gluons or a quark and a gluon become collinear the colour-ordered
matrix elements factorize. Depending on the nature of the partons involved different collinear factors
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Figure 8: Hadronic Z decays at
p
s = 91.2GeV. Momentum (xB) spectra of weakly decaying B

hadrons, compared to data from DELPHI [63] (left) and SLD [64] (right)

StringZ:rFactB = 0.855

which produces softer B spectra and simultaneously agrees better with the theoretically preferred
value (rb = 1).

A comparison to the scaled-momentum spectra (xB = 2|pB|/Ecm) of weakly decaying B hadrons
from both DELPHI [63] and SLD [64] is given in fig. 8 (due to small differences between the two
measured results, we choose to show both). The dampening of the hardest part of the spectrum caused
by the increase in the rb parameter is visible in the right-most two bins of the distributions and in the
smaller �2

5% values for the Monash tune. The effects of the modification can be further emphasized
by an analysis of the moments of the distribution, in which the higher moments are increasingly
dominated by the region xB ! 1. A comparison to a combined LEP analysis of the moments of the
xB distribution [63] is given in fig. 9, further emphasizing that the high-xB part of the distribution is
now under better control.

The reason we have not increased the rb parameter further is that it comes at a price. If the
B hadrons are taking less energy, then there is more energy left over to produce other particles,
and the generated multiplicity distribution in b events already exhibits a slightly high tail towards
large multiplicities. Nonetheless, since the revised light-flavour fragmentation parameters produce an
overall narrower fragmentation function, the end result is still a slight improvement in the multiplicity
distribution also for b events. This is illustrated, together with the inclusive momentum distribution
for b-tagged events, in fig. 10, compared to measurements by L3 [26]. Interestingly, the multiplicity
distribution still appears to be too wide, but within the constraints of the present study, we were unable
to obtain further improvements. As a point of speculation, we note that the distribution of the number
of partons before hadronization is also quite wide in PYTHIA, and this may be playing a role in
effectively setting a lower limit on the width that can be achieved for the hadron-level distribution.

Comparisons to L3 event shapes in b-tagged events are collected in appendix B.1 (the left column
of plots contains light-flavour tagged event shapes, the right column b-tagged ones). In particular, the
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๏B spectrum = Perturbative Fragmentation ( )  Lund-Bowler Fragmentation Function: 

๏Monash Tune 
•Light-flavour event shapes   
•Nch and xch spectra  Lund  and  parameters 
•ALEPH D* spectrum   
•DELPHI & SLD B spectra    

๏Interplay between matching, retuning, and HF 
fragmentation ( , , etc) needs dedicated study? 

•Aware of some efforts. Coordinated? Person-power … ? 

๏Alternatives? 
•By default, Peterson (or similar) not consistent with string fragmentation, but …
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rc rb

Production ̶ Nonperturbative Aspects
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Note on Heavy-Flavour Tagging

4

๏Taggers trained on combination of data-driven & MCs 
•Performance (& Uncertainties!) depend (at least partially?) on: 

๏ Fidelity of MC modelling 
๏ + in-situ constraints 

๏Fundamental physics of confinement not a solved issue 
•LHC discoveries: Strangeness and baryon enhancements, collectivity, …  
•➜ New (more advanced) MC hadronizaton models are being developed

Peter Skands

๏ Colour reconnections,  
๏ Octet (gluon) vs triplet 

(quark) fragmentation,  
๏ Colour ropes,  

๏ String Junctions 
๏ Coalescence 
๏ Close-packing,  
๏ String interactions,  

๏ Flow / String Shoving, 
๏ Hot strings,  
๏ Excited strings,  
๏ … 



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

– 40 –

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 

https://arxiv.org/abs/2404.12040


(+ Onium Production)

6Peter Skands

Hard Processes  
NRQCD MEs

New: “Fragmentation” 
Shower with  

(LETO — P. Ilten & N. Cooke 2312.05203 )

g → Onium + X

+ Colour Reconnections? 
“Accidental” low-mass  singlets  

(depends on CR assumptions & rate of low-mass  pairs)

QQ̄
QQ̄

Question: space-
time suppression 
due to small size?

Question: not 
totally clear how 
to match the two

Related: PYTHIA study of Bc and other doubly-heavy hadrons via MPI + CR, T. Hadavizadeh et al., 2205.15681

https://arxiv.org/abs/2312.05203


Optimisation
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๏Egede, Hadavizadeh, Singla, PZS, Vesterinen, 2205.15681:

Peter SkandsJune 2024

Tom Hadavizadeh

Speeding up Pythia

5

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

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

Saves time spent evolving and hadronising events that would be discarded
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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 

Speed Gains & Subtlety

8

๏➜ Work in progress with T. Hadavizadeh

Peter SkandsJune 2024



PYTHIA & B Decays ̶ Recent collaboration with EVTGEN (Warwick)
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๏30% of B meson decays modelled as partonic transitions, with spectator 
•Passed back to PYTHIA for re-hadronisation (with simple phase-space models). 

๏ How reliable is this modelling? Not aware anyone has looked closely at that since org papers. 
•These tend to be high-multiplicity (multi-prong) modes 

๏ Rarely used as signals. But enter as backgrounds, and tagging modes?  
•Experimental constraints on these? Belle II, LHCb, ALICE … ? 

๏ Example: https://journals.aps.org/prd/pdf/10.1103/PhysRevD.101.092004 

๏QED Radiative Corrections in B Decays 
•HERWIG and SHERPA have dedicated modules, based on “YFS” formalism  
•For PYTHIA, QED in hadron decays is normally done with PHOTOS 
•Now: looking at adapting the QED Multipole Shower Module from VINCIA 

๏ Native C++ and built-in in PYTHIA  thread-safe and trivial to parallelise 
๏ May be superior to YFS in some ways + modern shower formalism  

 matching, merging, finite-width effects, form factors?, … 

→

⟹

Peter Skands

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.101.092004


Types of (QED) Showers

10Peter Skands

Note: this is (intentionally) oversimplified. Many subtleties (recoil strategies, gluon parents, initial-state partons, and mass terms) not shown.
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QED Multipole Radiation Patterns

11

๏Example: Quadrupole final state (4-fermion: )e+e+e−e−

Peter Skands

e�

e+

e+

e�

z

x

y

Figure 1. An illustration of a 2e+2e� configuration where two pairs of nearby electron-positron
are moving into roughly opposite directions. The blue lines indicate antennae with positive sign
while the orange lines indicate antennae with negative signs. In this scenario the contributions to
the eikonal factor spanned between the pairs largely cancel, leaving only the positive contribution
inside the pairs.

to implement in a shower using the usual Sudakov veto algorithm [25–27]. Competing trial
emissions are generated in every sector using the appropriate local transverse momentum.
An additional veto is included that checks the condition imposed by the step function in
eq. (3.3).

This procedure in fact orders emissions with ordering variable

Q2 = min
�
Q2

xy

�
, (3.4)

which has the required property of ensuring that all soft and collinear regions are contained
in the limit Q2

! 0, while still allowing for the use of regular 2 ! 3 shower kinematics.
However, this algorithm may become prohibitively expensive in situations where the number
of charged particles in an event grows rapidly.

3.2 Pairing Algorithm

To tackle the large computational cost of the above algorithm, the parton-shower approxi-
mation eq. (2.7) may instead be replaced by

|Mn+1 ({p}, pj) |
2
⇡ 4⇡↵

X

[x,y]

Q2
[x,y]aEmit(sxj , syk, sxy)|Mn ({p̄}xy) |

2. (3.5)

The sum now runs over pairings [x, y] that have identical but opposite charge Q[x,y].
Eq. (3.5) trivially reduces to the correct collinear limits, but only contains a subset of
eikonal factors. By choosing a suitable method to pair up the charges, the missing in-
terference structure may however be approximated. To illustrate how this may be done,
Figure 1 shows a configuration of charges consisting of two boosted e+e� pairs moving in
opposite directions in space. In this situation, one pairing performs much better than the
other. Since the components of the pairs move in roughly the same direction, the charges

– 5 –

Soft Photon Emission:
[Dittmaier, 2000]

Opposite-charge pairs ➤ positive terms
Same-charge pairs ➤ negative terms

PZS, Verheyen, 

Phys.Lett.B 811 (2020) 135878

[arXiv:2002.04939]

If there is interest, I have a few more slides about this in the back

https://arxiv.org/abs/2002.04939


• Question: 
• What about radiation at energies   (and )?Eγ ≲ Γt Eγ ≲ ΓW

Radiation in Decays

12

๏Conventional “sequential” treatment 
•Treat each decay (sequentially) as if alone in the universe 

Peter Skands

QED tripole

⊗

W+

t

b
w =
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9

w =
2
3

w =
1
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Beyond the Narrow-Width Limit
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•What does a long-wavelength photon see? 
๏ It should not be able to resolve the (short-lived) intermediate state

Peter Skands

PRODUCTION

⊗

W+

t

b

⊗

w =
2
3

• ➤ Expect interference between 
decay(s) 

• For wavelengths λ ≳
ℏc
Γ

W−

wbW+ =
1
3

wWW = 1

wW−b̄ =
1
3

wW+b̄ =
−1
3

wbW− =
−1
3

wbb̄ =
1
9

QED 
quadrupole

Should affect radiation spectrum, for energies    
+ Interferences and recoils between systems => non-local BW modifications

Eγ ≲ Γ

b̄

Interleaved Resonance Decays 
Brooks, PZS, Verheyen, SciPost Phys. 12 (2022) 3, 101 [arXiv:2108.10786]

https://arxiv.org/abs/2108.10786
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•What does a long-wavelength photon see? 
๏ It should not be able to resolve the (short-lived) intermediate state

Peter Skands

PRODUCTION

⊗
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⊗

w =
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wWW = 1

wW−b̄ =
1
3

wW+b̄ =
−1
3

wbW− =
−1
3

wbb̄ =
1
9

QED 
quadrupole

Should affect radiation spectrum, for energies    
+ Interferences and recoils between systems => non-local BW modifications

Eγ ≲ Γ

b̄

Idea: apply this to Hadron Decays + QED 
=> Sophisticated Model of interplay between 

radiation and decays  
(finite-width effects, beyond NWA)

Interleaved Resonance Decays 
Brooks, PZS, Verheyen, SciPost Phys. 12 (2022) 3, 101 [arXiv:2108.10786]

https://arxiv.org/abs/2108.10786


Summary / Plans
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๏During 2024: New Pythia Tuning, to replace Monash Tune as default 
•What input/constraints/requirements are crucial for you? 

๏Continue work on heavy-flavour baryons & HF+strangeness 
๏ String Junctions Revisited arXiv:2404.12040 
๏ […] heavy quarks hadronization: from leptonic to heavy-ion collisions 2405.19137  

๏Optimisation 
•Improved mass thresholds in PYTHIA’s FSR & MPI algorithms, with T. Hadavizadeh (Monash). 
•Forced hadronization to specific species, with weights calculated, instead of re-hadronization.  

๏Decays  
•New Project with Warwick/EvtGen to apply new state-of-the-art perturbative techniques to hadron 
decays, including: 

QED Multipole Showers, Modern Fixed-Order Matching Techniques (e.g., MECs), Interleaved Resonance Decays 
๏ New theory post doc starting at Monash in October: Jack Helliwell (+ F. Abudinen at Warwick.) 

๏Iterated MECs in VINCIA

Peter SkandsJune 2024

https://arxiv.org/abs/2404.12040
https://arxiv.org/abs/2405.19137


Peter Skands
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1. Types of (QED) Showers

17Peter Skands
Note: this is (intentionally) oversimplified. Many subtleties (recoil strategies, gluon parents, initial-state partons, and mass terms) not shown.
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Beyond 2-body Systems: QED Multipoles
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๏PYTHIA QED 
๏ Determines a “best” set of dipoles. No genuine multipole effects. 
๏ I.e., interference beyond dipole level only treated via “principle of maximal screening” 
๏ Works as a parton shower evolution (+ MECs) ➤ interleaved with QCD, MPI, …  

๏YFS QED [Yennie-Frautschi-Suura, 1961 ➤ several modern implementations] 
๏ Allows to take full (multipole) soft interference effects into account 
๏ “Scalar QED”; no spin dependence. 
๏ I.e., starts from purely soft approximation; collinear terms not automatic 
๏ Is not a shower; works as pure afterburner, adding a number of photons to a final state with 

predetermined kinematics; no interleaving 

๏VINCIA QED [Kleiss-Verheyen, 2017 ➤ Brooks-Verheyen-PS, 2020] 
๏ Allows to take full (multipole) soft interference effects into account 
๏ Not limited to scalar QED; includes spin dependence 
๏ I.e., starts from antenna approximation; including collinear terms 
๏ Works as a parton shower evolution; can be interleaved (+ MECs).

Peter Skands



What’s the problem?
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๏Example: Quadrupole final state (4-fermion: )e+e+e−e−

Peter Skands
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Figure 1. An illustration of a 2e+2e� configuration where two pairs of nearby electron-positron
are moving into roughly opposite directions. The blue lines indicate antennae with positive sign
while the orange lines indicate antennae with negative signs. In this scenario the contributions to
the eikonal factor spanned between the pairs largely cancel, leaving only the positive contribution
inside the pairs.

to implement in a shower using the usual Sudakov veto algorithm [25–27]. Competing trial
emissions are generated in every sector using the appropriate local transverse momentum.
An additional veto is included that checks the condition imposed by the step function in
eq. (3.3).

This procedure in fact orders emissions with ordering variable

Q2 = min
�
Q2

xy

�
, (3.4)

which has the required property of ensuring that all soft and collinear regions are contained
in the limit Q2

! 0, while still allowing for the use of regular 2 ! 3 shower kinematics.
However, this algorithm may become prohibitively expensive in situations where the number
of charged particles in an event grows rapidly.

3.2 Pairing Algorithm

To tackle the large computational cost of the above algorithm, the parton-shower approxi-
mation eq. (2.7) may instead be replaced by

|Mn+1 ({p}, pj) |
2
⇡ 4⇡↵

X

[x,y]

Q2
[x,y]aEmit(sxj , syk, sxy)|Mn ({p̄}xy) |

2. (3.5)

The sum now runs over pairings [x, y] that have identical but opposite charge Q[x,y].
Eq. (3.5) trivially reduces to the correct collinear limits, but only contains a subset of
eikonal factors. By choosing a suitable method to pair up the charges, the missing in-
terference structure may however be approximated. To illustrate how this may be done,
Figure 1 shows a configuration of charges consisting of two boosted e+e� pairs moving in
opposite directions in space. In this situation, one pairing performs much better than the
other. Since the components of the pairs move in roughly the same direction, the charges
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Why was this not done as a shower before?  
The orange terms are negative ➤ negative weights (+ big cancellations) 

YFS gets around that by not being formulated as a shower (& no spin dependence) 
Utilises that the sum is always non-negative.
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Figure 1. An illustration of a 2e+2e� configuration where two pairs of nearby electron-positron
are moving into roughly opposite directions. The blue lines indicate antennae with positive sign
while the orange lines indicate antennae with negative signs. In this scenario the contributions to
the eikonal factor spanned between the pairs largely cancel, leaving only the positive contribution
inside the pairs.

to implement in a shower using the usual Sudakov veto algorithm [25–27]. Competing trial
emissions are generated in every sector using the appropriate local transverse momentum.
An additional veto is included that checks the condition imposed by the step function in
eq. (3.3).

This procedure in fact orders emissions with ordering variable

Q2 = min
�
Q2

xy

�
, (3.4)

which has the required property of ensuring that all soft and collinear regions are contained
in the limit Q2

! 0, while still allowing for the use of regular 2 ! 3 shower kinematics.
However, this algorithm may become prohibitively expensive in situations where the number
of charged particles in an event grows rapidly.

3.2 Pairing Algorithm

To tackle the large computational cost of the above algorithm, the parton-shower approxi-
mation eq. (2.7) may instead be replaced by
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The sum now runs over pairings [x, y] that have identical but opposite charge Q[x,y].
Eq. (3.5) trivially reduces to the correct collinear limits, but only contains a subset of
eikonal factors. By choosing a suitable method to pair up the charges, the missing in-
terference structure may however be approximated. To illustrate how this may be done,
Figure 1 shows a configuration of charges consisting of two boosted e+e� pairs moving in
opposite directions in space. In this situation, one pairing performs much better than the
other. Since the components of the pairs move in roughly the same direction, the charges
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Sectorize phase space: for each possible photon emission kinematics , find the 2 
charged particles with respect to which that photon is softest ➤ “Dipole Sector” 

Use dipole kinematics for that sector, but sum all the positive and negative antenna 
terms (w spin dependence) to find the coherent emission probability. 

pγ
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