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Event Generators

Crucial for precision Collider Physics

Combine different physics at different scales:
● Hard Process
● Parton Shower
● Underlying Interaction
● Hadronization
● QED FSR
● Hadron Decays

2

Event Generators and Parton Showers

• Event simulation factorised into


• Hard Process 

• Parton Shower 

• PDF/Underlying event 

• Hadronisation 

• QED radiation 

• Hadron Decays
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Figure 3: (left) →𝐿Lund↑ and (right) →𝐿Primary
Lund ↑ are shown as a function of the emission 𝑀𝐿 requirement, 𝑀𝐿 ,cut. The

unfolded data are compared with several MC predictions in (a,b) an inclusive 𝑁T bin above 300 GeV, (c,d) a 𝑁T bin
between 500 GeV and 750 GeV and (e,f) a 𝑁T bin between 1250 GeV and 4500 GeV. The →𝐿Lund↑ distribution is
also compared with an analytic NLO+NNDL+NP prediction with additional non-perturbative corrections, depicted
as a solid line, provided by the authors of Ref. [36]. The total uncertainty on the data and the NLO+NNDL+NP
prediction are indicated as shaded regions. The middle panel shows a ratio of the predictions to the measured data,
and the bottom panel summarizes the various systematic uncertainties in each bin.
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[ATLAS ’24]

• Alaric introduced in

• Coherence through multiplicative 

matching between soft eikonal and 
collinear splitting functions


• Global recoil scheme takes into      
account PanScales                                        
insights on recoil safety                   
requirements at NLL 


• Massive kinematics 

[Herren et al. '22]

[Assi, Höche, ’23]

• Extension to hadron colliders + 
LO merging

• First LHC                                

pheno

[Höche, Krauss, DR ’24]

• NLO matching and MEPS@NLO 
merging for colour singlet decay

[Höche, Krauss, Meinzinger, DR ’25]

[Dasgupta et al. ’20]                            
[vanBeekveld et al. ’22]
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FIG. 5. Comparison of S-MC@NLO and pure parton-shower predictions for the di!erential 2 → 3- and 3 → 4-jet rates in the
Durham algorithm at parton level. See the main text for details.
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FIG. 6. Qcut dependence of the di!erential 2 → 3- and 3 → 4-jet rates in the Durham algorithm at parton level. See the main
text for details.

[9]. As renormalisation scale we use the Higgs mass MH . In Fig. 7 we show the normalized distributions for the
Durham jet rate y23 (left) and thrust ω (right), calculated in the center of mass frame of the Higgs decay products,
at MC@NLO accuracy. We observe mild e!ects, at most of order 10%, in the region of large observable values where
fixed order corrections are expected to be important. In the soft regions we observe no e!ects on the central values,
but a significant reduction in scale uncertainty, which is a consequence of the changes in the hard region by means of
parton-shower unitarity.
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FIG. 8. Perturbative uncertainties in MEPS and MEPS@NLO predictions of di!erential jet rates compared to data from
ALEPH [120].

calculation. To prevent double counting, they must thus not be included in the renormalization scale setting. When
performing scale variations in the following, we account for the above constraints and begin with a variation of the
renormalization scale in the parton shower. The renormalization scale in the fixed-order calculation is then chosen
accordingly.

We first discuss di!erential jet rates in the Durham jet algorithm [89]. Measurements of these quantities have been
performed by the ALEPH collaboration [120] and by the JADE and OPAL collaborations [121]. The ALARIC simulations
include up to six jets from hard matrix elements at the leading order, and up to five jets from hard matrix elements
at the next-to-leading order, with the merging cut set to 7 GeV. The corresponding predictions from ALARIC in
comparison to the experimental measurements are shown in Figs. 8 and 9. We observe excellent agreement of the
multi-jet merged results with both experimental measurements, both at leading, and at next-to-leading order. It is
worth noting that the systematic uncertainties from scale variations in the hard, perturbative region of y23 are much
smaller in the case of NLO merging than they are in the case of leading-order merging. This is due to the fact that the
hard region of this observable is described mostly at NLO precision by the 3-, 4- and 5-jet fixed-order contributions
to the merging, while yet higher multiplicity contributions are very small due to restricted phase space. For y34 there
is still a considerable improvement, but it is not as pronounced as in the case of y23, because there is significant phase
space for 6-parton fixed-order contributions which are described at leading order precision in our setup. For y45 and
y56 the improvement from the NLO merging is diminishing, consistent with the fact that the 6-parton matrix elements
are pure leading order, and thus inherit the relatively large renormalization scale dependence from the parton shower.

Figure 10 shows the thrust [123] distribution as measured by the ALEPH collaboration [120] (left), and the moments
of thrust as measured by the OPAL collaboration [122] (right). The thrust observable is known to very high accuracy

https://doi.org/10.1007/JHEP12(2024)156
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Parton showers - Cliff notes version

η

ln
kt

Q
longitudinal momentum 

     conservation:    η < ln kt /Q

softer

particles

more collinear

particles

∼ exp [−∫
t1

t0

dkt

kt
dz

αS

2π
P(z)]

• Evolution governed by no-emission 
probability (Sudakov factor)


• Main ingredients to a shower:


1. splitting kernels  captures soft 
and collinear limits of matrix elements


2. fill phase space ordered in evolution 
variable ( , , , )  here  
ordered shower


3. generate new final state after 
emission according to recoil scheme

P(z)

kt θ q2 … ⇒ kt



Daniel Reichelt 5

Parton showers - Cliff notes version

• Evolution governed by no-emission 
probability (Sudakov factor)


• Main ingredients to a shower:


1. splitting kernels  captures soft 
and collinear limits of matrix elements


2. fill phase space ordered in evolution 
variable ( , , , )  here  
ordered shower


3. generate new final state after 
emission according to recoil scheme

P(z)

kt θ q2 … ⇒ kt

Plan for this talk:


1. Splitting kernels and Spin 
correlations


2. Matching Resonance 
Aware Kinematics


3. Width Aware Shower 
Kernels



Daniel Reichelt 6

Parton showers - Cliff notes version

• Evolution governed by no-emission 
probability (Sudakov factor)


• Main ingredients to a shower:


1. splitting kernels  captures soft 
and collinear limits of matrix elements


2. fill phase space ordered in evolution 
variable ( , , , )  here  
ordered shower


3. generate new final state after 
emission according to recoil scheme

P(z)

kt θ q2 … ⇒ kt

Plan for this talk:


1. Splitting kernels and Spin 
correlations 

2. Matching Resonance 
Aware Kinematics


3. Width Aware Shower 
Kernels



Daniel Reichelt 7

Spin correlations

• Traditional approach:

• Spin-density matrices traced through parton shower history

• Efficient algorithm by Collins, Knowles

• Part of Herwig for long time, also for dipole shower

• Extended to soft region


• Here instead, re-consider splitting functions, Gordon decomposition
[Campbell, Höche, Knobbe, 

Preuss, DR ’25]

[Collins ’88], [Knowles ’88,’90]

[Richardson, Webster ’18]
[Karlberg, Salam, Scyboz, Verheyen ’21] 

[Hamilton, Karlberg, Salam, Scyboz, Verheyen ’21]

2

II. SPIN DECOMPOSITION OF QCD AMPLITUDES

In the soft vector-boson limit, QCD matrix elements develop well-understood infrared singularities [38–43]. Their
source is gluon interactions in the eikonal limit, which can be derived by making kinematical approximations to
fixed-order QCD scattering matrix elements. However, their physical origin is better understood by investigating the
minimal coupling of the vector potential to a classical, accelerated charge [44, 45]. In QED, the corresponding current
in momentum space reads

j
µ

ik
(q) = igQ

(
p
µ

k

pkq
→

p
µ

i

piq

)
, (1)

where g is the coupling constant, Q is the charge of the particle, and pi and pk are the momenta of the radiating
charge dipole formed by the particle before and after an instantaneous impact. Once the radiation field, Aµ, sourced
by the dipole is quantized, radiative e!ects can be computed in perturbation theory using the interaction Hamiltonian
density j

µ(x)Aµ(x). It can be shown that singularities in the infrared that are induced by this interaction cancel
between real-emission corrections and virtual corrections [8, 10, 11].

Equation (1) does not account for the quantum nature of the charged particle. However, a minimal change to it
yields the expression for scalar QED with massless radiators, and thus provides an extension to a full quantum field
theory without kinematical constraints:

j
µ

ik
(q) = igQ

(
S
µ(pk, q)→ S

µ(pi, q)
)
, where S

µ(p, q) =
(2p+ q)µ

(p+ q)2
. (2)

For the emission of a single on-shell vector boson, this expression results in the exact same scattering matrix elements as
the eikonal current in Eq. (1). It has in fact been shown in the case of scalar QED that both the leading and sub-leading
contributions to the squared amplitudes in the soft-photon limit can be obtained from classical calculations [17, 18].
We make this observation the basis for using scalar currents instead of the commonly employed eikonal currents when
constructing multipole radiator functions. In the soft or double-soft limit, these radiators yield the known leading soft
or double-soft behavior of the theory, but they also contain additional sub-leading contributions which are important
for the correct matching to collinear splitting functions away from the soft region.

The QCD equivalent of the QED current in Eq. (2) can be obtained by using the techniques of [13, 43]:

Jµ(q) = igs

∑

i

T̂i S
µ(pi, q) . (3)

Here, T̂, are the charge operators, which are defined as (T̂c

i
)ab = T

c

ab
for quarks, (T̂c

i
)ab = →T

c

ba
for anti-quarks, and

(T̂c

i
)ab = if

acb for gluons [13, 43]. Charge conservation in the QCD multipole implies
∑

i
T̂i = 0. For the emission

of a single on-shell vector boson, Eq. (3) results in exactly the same scattering matrix elements as the QCD eikonal
current. Moreover, the numerators in Eq. (3) obey elementary Ward identities, such that the single-gluon current is
conserved, as long as the radiating particles remain on their mass shell.

In Sec. III C we will use Eq. (3) and its extension to the two-emission case to derive the scalar component of matrix
elements that form the basis of the higher-order tree-level splitting functions. As the complete calculation is quite
cumbersome, we highlight the basic correspondence using two simple examples at the amplitude level. The first is
the quark-to-quark-gluon splitting process shown in Fig. 1(a) left. The scattering amplitude is proportional to the
following combination of the coupling-stripped quark-gluon vertex and the quark propagator:

/p+ /q

(p+ q)2
T

a

ij
ω
µ = T

a

ij

[
S
µ(p, q) +

iε
ωµ
qω

(p+ q)2
→

ω
µ
/p

(p+ q)2

]
. (4)

A decomposition of this current has been provided for the first time in [46], and an extension to massless fermions
is given in [47]. The first term in the square bracket is the scalar current of Eq. (2). The second term, proportional
to ε

ωµ = i

2 [ω
ω
, ω

µ], describes the magnetic interaction due to the fermion’s spin. This contribution is sub-leading in
the soft and collinear limits. The contribution proportional to ω

µ
/p vanishes in the squared amplitude for one-to-two

splittings due to the equations of motion. Using an axial gauge for the final-state gluon, after squaring the amplitude
we obtain the standard quark-to-quark splitting function, cf. Sec. III A. We emphasize that this is achieved without
any kinematical approximations. Additionally, the squared scalar interaction term can be identified at the amplitude
squared level, where it emerges as a nontrivial combination of the square of the scalar contribution in Eq. (4) and
the interference of the scalar and the magnetic term. This is a consequence of the fact that a magnetic interaction is
needed to make the chiral kinetic theory Lorentz invariant [48, 49]. The vertex decomposition is sketched in Fig. 1(a)
right, and discussed in detail in App. A.
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(p+ q)2
→

ω
µ
/p

(p+ q)2

]
. (4)

A decomposition of this current has been provided for the first time in [46], and an extension to massless fermions
is given in [47]. The first term in the square bracket is the scalar current of Eq. (2). The second term, proportional
to ε

ωµ = i

2 [ω
ω
, ω

µ], describes the magnetic interaction due to the fermion’s spin. This contribution is sub-leading in
the soft and collinear limits. The contribution proportional to ω

µ
/p vanishes in the squared amplitude for one-to-two

splittings due to the equations of motion. Using an axial gauge for the final-state gluon, after squaring the amplitude
we obtain the standard quark-to-quark splitting function, cf. Sec. III A. We emphasize that this is achieved without
any kinematical approximations. Additionally, the squared scalar interaction term can be identified at the amplitude
squared level, where it emerges as a nontrivial combination of the square of the scalar contribution in Eq. (4) and
the interference of the scalar and the magnetic term. This is a consequence of the fact that a magnetic interaction is
needed to make the chiral kinetic theory Lorentz invariant [48, 49]. The vertex decomposition is sketched in Fig. 1(a)
right, and discussed in detail in App. A.

Leading term is scalar Interaction!
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Spin correlations in Alaric

• Scalar part of the theory:

• doesn’t know about spin, just emission of 

vector bosons with production current  
given by scalar QCD


• Remainder “decays” of gluons into gluon or 
quark pairs 

• spin dependent contribution 




• contraction can be calculated once in 
decay!

Jμ

∝ Jμ ⟨μ |V |ν⟩ Jν

[Campbell, Höche, Knobbe, Preuss, DR ’25]
[Hoppe, Höche, Siegert, DR ’25]

9

FIG. 7. Rapidity dependence of the azimuthal radiation pattern as defined in Ref. [63] at ωs = 0.01. Left: e+e→ → qq̄q↑q̄↑,
compared to Eq. (B.6) of Ref. [103]. Right: Decay component of e+e→ → qq̄gg compared to the product of Eqs. (18) and (10).
See the main text for details.

polarization information in parton-showers. The method scales linearly in computing time and memory, and is thus
one of the most e!cient techniques available. Its true advantage does, however lie in its straightforward implementation
and interpretation, and in the fact that the results provide a new observable to probe correlations beyond the angular
radiation patterns typically tested in the context of polarized parton evolution. In the future, we will investigate the
connection to the helicity formalism, and develop the matching to existing perturbative calculations for LHC and
FCC physics.

ACKNOWLEDGMENTS

We would like to thank Frank Siegert for many inspiring discussions on spin correlations and their simulation in
Monte-Carlo event generators. This manuscript has been authored by Fermi Forward Discovery Group, LLC under
Contract No. 89243024CSC000002 with the U.S. Department of Energy, O!ce of Science, O!ce of High Energy
Physics. This research used resources of the National Energy Research Scientific Computing Center (NERSC), a
Department of Energy O!ce of Science User Facility using NERSC award ERCAP0028985. The work of S.H. was
supported by the U.S. Department of Energy, O!ce of Science, O!ce of Advanced Scientific Computing Research,
Scientific Discovery through Advanced Computing (SciDAC-5) program, grant “NeuCol”. D.R. is supported by the
European Union under the HORIZON program in Marie Sk”lodowska-Curie project No. 101153541. The work of M.H.
was partly supported by a doctoral scholarship from the Friedrich-Ebert-Stiftung. M.H. thanks the Fermilab Particle
Theory Department for hospitality during part of the work. We thank the CERN Theoretical Physics Department for
hospitality during the 2025 conference on Parton Showers and Resummation, where we first presented this algorithm.



Daniel Reichelt 9

Parton showers - Cliff notes version

• Evolution governed by no-emission 
probability (sudakov factor)


• Main ingredients to a shower:


1. splitting kernels  captures soft 
and collinear limits of matrix elements


2. fill phase space ordered in evolution 
variable ( , , , )  here  
ordered shower


3. generate new final state after 
emission according to recoil scheme

P(z)

kt θ q2 … ⇒ kt

Plan for this talk:


1. Splitting kernels and Spin 
correlations


2. Matching Resonance 
Aware Kinematics 

3. Width Aware Shower 
Kernels
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Kinematics and Resonance Awareness

• Assume we have identified subset of momenta ( ) to 
come from resonance:

• Dominant diagrams will contain propagator 

• Let  emit a gluon  :                            
can change propagator significantly,                                        
unless                                               
(not satisfied in standard, local dipole schemes!)


• Well recognised problem, with several solutions

p̃W, p̃b

b p̃W, p̃b → pW, pb, pg

p̃W + p̃b = pW + pb + pg

[((p̃W + p̃b)2 − m2
t ) + m2

t Γ2
t ]

−1
t̄

t

b̄

g

W�

W+

b

CS�momenta

mapping

t̄

t

b̄

W�

W+

b

Figure 2. Possible real correction configuration for W+W�bb̄ production and Born configuration
of associated standard CS-dipole. The curved arrow on the right indicates the flow of the recoil.

2 Pseudo-dipole subtraction

The calculation of observables at NLO requires the computation of real and virtual cor-
rections to the Born cross section. After renormalisation both these contributions are
still separately infinite, although their sum is finite for infrared safe observables. In order
to calculate such observables efficiently, general next-to-leading order infrared subtraction
schemes have been devised, the most widely used being the methods by Frixione, Kunszt
and Signer (FKS) [22] and the ones by Catani and Seymour (CS) [23, 24]. Both methods
are based on the extraction of the singular limits of the real-emission corrections, their an-
alytic integration and combination of the result with the virtual corrections to render both
real-emission and virtual corrections separately infrared finite. Focusing, for simplicity, on
the total cross section in a process with no initial state hadrons, we can write schematically

�NLO =

Z

m

�
d�B + d�V + d�I

�
+

Z

m+1

�
d�R

� d�S
�
. (2.1)

Here
R
m d�I =

R
m+1

d�S is the subtraction term, which is analytically integrated over
the phase-space of the additional parton in the real correction and

R
m indicates that the

phase-space integral corresponds to m final-state partons.1 In the remainder of this paper
we will focus on CS dipole subtraction [23]. In processes with intermediate resonances,
this technique exhibits an undesired feature, which can most easily be explained using a
concrete example, say e+e� ! W+W�bb̄. If the center-of-mass energy is greater than
the top pair threshold

p
s & 2mt, this process is dominated by on-shell tt̄-production and

decay. One possible real emission correction to this process is depicted on the left-hand
side of Fig. 2. The subtraction term associated to the b̄g collinear sector is constructed
from the Born-diagram on the right-hand side of Fig. 2, and its kinematics is obtained by
mapping the on-shell final-state momenta of the real correction to Born kinematics using the
algorithm in [23]. In the canonical method, the momenta of the emitter (the b̄-quark) and
the spectator (the b-quark) are adjusted, while all other momenta remain the same. This

1
Our analysis focuses on NLO QCD corrections, though the method can be extended to include NLO

electroweak corrections.

– 3 –
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Figure 2. Possible real correction configuration for W+W�bb̄ production and Born configuration
of associated standard CS-dipole. The curved arrow on the right indicates the flow of the recoil.

2 Pseudo-dipole subtraction

The calculation of observables at NLO requires the computation of real and virtual cor-
rections to the Born cross section. After renormalisation both these contributions are
still separately infinite, although their sum is finite for infrared safe observables. In order
to calculate such observables efficiently, general next-to-leading order infrared subtraction
schemes have been devised, the most widely used being the methods by Frixione, Kunszt
and Signer (FKS) [22] and the ones by Catani and Seymour (CS) [23, 24]. Both methods
are based on the extraction of the singular limits of the real-emission corrections, their an-
alytic integration and combination of the result with the virtual corrections to render both
real-emission and virtual corrections separately infrared finite. Focusing, for simplicity, on
the total cross section in a process with no initial state hadrons, we can write schematically

�NLO =

Z

m

�
d�B + d�V + d�I

�
+

Z

m+1

�
d�R

� d�S
�
. (2.1)

Here
R
m d�I =

R
m+1

d�S is the subtraction term, which is analytically integrated over
the phase-space of the additional parton in the real correction and

R
m indicates that the

phase-space integral corresponds to m final-state partons.1 In the remainder of this paper
we will focus on CS dipole subtraction [23]. In processes with intermediate resonances,
this technique exhibits an undesired feature, which can most easily be explained using a
concrete example, say e+e� ! W+W�bb̄. If the center-of-mass energy is greater than
the top pair threshold

p
s & 2mt, this process is dominated by on-shell tt̄-production and

decay. One possible real emission correction to this process is depicted on the left-hand
side of Fig. 2. The subtraction term associated to the b̄g collinear sector is constructed
from the Born-diagram on the right-hand side of Fig. 2, and its kinematics is obtained by
mapping the on-shell final-state momenta of the real correction to Born kinematics using the
algorithm in [23]. In the canonical method, the momenta of the emitter (the b̄-quark) and
the spectator (the b-quark) are adjusted, while all other momenta remain the same. This

1
Our analysis focuses on NLO QCD corrections, though the method can be extended to include NLO

electroweak corrections.

– 3 –

[Ježo, Nason ’15] [Ježo, Lindert, Nason, Oleari, Pozzorini ’16]
[Ferrario Ravasio, Ježo, Nason, Oleari, ’18] [Ježo, Lindert, Pozzorini ’23]
[Denner, Lombardi, Pellen, Pelliccioli ’26]
[Höche, Liebschner, Siegert ’19]
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Alaric - radiation kinematics

5

K̃ p̃i

p̃k

�

n pi

pk~kT pj

K�~kT

FIG. 2: Sketch of the momentum mapping for final-state evolution. See the main text for details. Note that pk does
not participate in the shift, Eq. (17), and only acts as a reference for the azimuthal angle �.

leading logarithmic accuracy. A key requirement for the construction of any momentum mapping therefore is collinear
safety, and all known parton-shower algorithms satisfy this constraint. An example for a problem which may only
be seen in dedicated measurements was identified in [53]. It originates in a modification of existing soft momenta in
subsequent emissions, that introduces an error in the simulated QCD radiation pattern at next-to-leading logarithmic
accuracy. In the following, we will construct a generic, collinear and NLL safe momentum mapping for both final-state
and initial-state radiation, which is inspired by the identified–particle dipole subtraction algorithm in [72]. We will
provide the analytic proof of NLL safety in Sec. VA and sketch the additional steps that are required to match the
parton shower to NLO calculations in Appendix C.

We begin by describing the logic underpinning our new kinematics mapping, {p̃l} ! {pl}. We identify the splitter
momentum, p̃i, and define a recoil momentum, K̃, as the negative sum of all momenta in the radiating QCD multipole,
including the momentum of the splitter (see also Appendix A).3 Together, the momenta K̃ and p̃i define the reference
frame of the splitting, as shown schematically in Fig. 2 (left). The momentum of the color spectator, p̃k, defines an
additional direction, which provides the reference for the azimuthal angle, �. In the first step of the mapping, the
emitter momentum is scaled by a factor z, and the emitted momentum, pj , is constructed with transverse momentum

component ~kT and suitable light-cone momenta. The color spectator remains unchanged, pk = p̃k. The recoil is
absorbed by the overall multipole, such that after the emission we have K 6= K̃, while K2 = K̃2. In particular,
the multipole after the emission acquires a transverse momentum with respect to K̃. This is shown schematically in
Fig. 2 (right). To compensate for both the transverse and the longitudinal recoil, the overall multipole is boosted to
its original frame of reference. This changes all momenta and e↵ectively distributes the recoil among them, generating
changes of the order of kT /

p
K2, which vanish in the infrared limits. We will make use of this fact in Sec. VA.

A collinear safe momentum mapping requires that for any two massless collinear partons, i and j, the momenta
behave as

pi
i||j

�! z p̃i , pj
i||j

�! (1� z) p̃i . (15)

In the exact limit, cos ✓ij = 0, the splitting variable z is uniquely defined and given by

z =
pin

(pi + pj)n
. (16)

where n is an arbitrary auxiliary vector that satisfies p̃in 6= 0. Note that n can be either light-like, time-like or
space-like, as long as p̃in 6= 0. In order to construct a collinear-safe momentum mapping for arbitrary values of the
two-particle virtuality pipj , we can simply use the first part of Eq. (15) away from this limit. This implies in particular
that pi retains its direction, and that all angular radiator functions involving pi remain unchanged.

A second important constraint for the mapping is overall four-momentum conservation. We satisfy this by defining
a vector K̃ to be a combination of the momenta {p̃1, . . . , p̃

µ

j�1, p̃
µ

j+1, . . . , p̃n}, and by using the shift

pi = z p̃i , n = K̃ + (1� z) p̃i , (17)

which implies pi + n = p̃i + K̃. The remaining task is to construct two new vectors, K and pj , such that K2 = K̃2,
and such that pj satisfies the collinear safety constraint, Eq. (15). The momenta in K̃ are mapped to new momenta
by a Lorentz transformation that is defined in terms of K̃ and K. The simplest way to obtain the new momenta is
by means of a light-cone parametrization [81]. With the help of the light-like vector

n̄ = n�
n2

2p̃in
p̃i = K̃ �  p̃i , where  =

K̃2

2p̃iK̃
. (18)

3
This construction di↵ers from the traditional choice in parton and dipole showers, where the splitter and recoil partner are disjoint.

colour 

splitteother momenta ∑
kμ

i → Λμ
νkν

i

pk = p̃k

pi = zp̃i
K2 = K̃2

K̃ + p̃i = K + pi + pj

Λμ
ν = gμ

ν −
(K + K̃)μ(K + K̃)ν

K ⋅ K̃ + K̃2
+ 2

KμK̃ν

K̃2
→ Λμ

νK̃ν = Kμ

• Before • After 

[Catani, Seymour 

• Global kinematics — critical for logarithmic accuracy at NLL
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NLO matching and merging

• NLO matching in Sherpa based on 
dedicated subtraction scheme 
implementation 


• need to work more for the 
implementation (only FS so far)


• but ensure PS and subtraction are 
fully consistent, automated for 
any process once implemented


• include spin correlations in first 
emission (“SH-MC@NLO”)
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→
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→
q̄
→
g with i = u, j = ū and k = d̄.

We validate the implementation of the integrated counter-terms by comparing inclusive cross sections. For clarity, we
only present numbers relevant for an informed comparison, i.e., the integrated counter-terms and the real-subtracted
cross-section for each subtraction scheme. In the trivial case of e+e→ → 2 jets at

↑
s = 91.2 GeV, shown in Tab. I,

we find excellent agreement, with about 0.8ω di!erence in total cross section between the CS and ALARIC schemes.
In this case the integrated counter term for the soft emission actually reduces to the exact same expression in both
cases, cf. the discussion in Sec. II A. In order to verify the subtraction scheme for a non-trivial recoil dependence, we
investigate the cross section for e

+
e
→

→ ZH with a stable Z boson and the Higgs boson decaying into gluons at a
hypothetical FCC-ee at

↑
s = 240 GeV. Table I shows excellent agreement between the two schemes, with a remaining

di!erence of about 0.7ω.

Turning to more complicated processes, we compute total cross sections for e
+
e
→

→ 3 jets, e
+
e
→

→ 4 jets and
e
+
e
→

→ 5 jets, all at
↑
s = 91.2 GeV. The results are presented in Tab. II. The errors of the individual cross sections

stay below the permille level, and we find agreement between the schemes at the level of about 1ω for 3-jet production.

7

e
+
e
→ → 2 jets I [pb] !I [pb] RS [pb] !RS [pb] IRS [pb] !IRS [pb] !IRS/NLO

↑
s = 91.2 GeV, µR =

↑
s

CS 131.9 <0.01 -505.79 0.19 -373.89 0.19 0.004!
ALARIC 131.9 <0.01 -505.61 0.12 -373.71 0.12 0.003!
CS-ALARIC -0.18 ± 0.22

e
+
e
→ → ZH[→ gg] I [pb] !I [pb] RS [pb] !RS [pb] IRS [pb] !IRS [pb] !IRS/NLO

↑
s = 240 GeV, µR = MH

CS ↓8.4 ·10→4 0.03 · 10→5 6.31 · 10→5 0.07 · 10→5 ↓7.8 ·10→4 0.08 · 10→5 0.1!
ALARIC ↓8.4 ·10→4 0.03 · 10→5 6.36 · 10→5 0.07 · 10→5 ↓7.8 ·10→4 0.08 · 10→5 0.1!
CS-ALARIC (0.005± 0.011) · 10→4

TABLE I. Subtraction-scheme dependent cross-section contributions for e
+
e
→ → 2 jets and for e

+
e
→ → ZH with the Higgs

boson decaying into gluons. In both cases the complete hadronic final state defines the recoil system.

e
+
e
→ → n jets @ 91.2 GeV I [pb] !I [pb] RS [pb] !RS [pb] IRS [pb] !IRS [pb] !IRS/NLO

µR =
↑
s, yn,n→1>(10GeV)2/s

CS 5118.85 0.37 -1034.4 1.4 4084.45 1.4 0.1!
n=3 ALARIC 5174.47 0.38 -1087.6 1.8 4086.84 1.8 0.1!

CS-ALARIC -2.39 ± 2.32

CS 938.97 0.12 -94.45 0.73 844.52 0.74 0.5!
n=4 ALARIC 922.36 0.12 -79.75 0.70 842.61 0.71 0.5!

CS-ALARIC 1.91 ± 1.03

CS 46.1544 0.015 -2.341 0.058 43.813 0.060 1!
n=5 ALARIC 44.6125 0.014 -0.857 0.067 43.756 0.068 1!

CS-ALARIC 0.057 ± 0.091

TABLE II. Subtraction-scheme dependent cross-section contributions for e
+
e
→ → nj. The center-of-mass energy is set to↑

s = 91.2 GeV. Jets are defined according to the Durham algorithm [89] and are required to satisfy a cut on the jet resolution
from n to n↓ 1 jets, yn,n→1.

In the 4-jet case, the two results agree at the level of 1.85ω. For the production of 5 jets, we observe agreement at
around 0.6ω. These results confirm the robustness and consistency of the ALARIC subtraction scheme up to high jet
multiplicities.

In order to validate our implementation of the MC@NLO technology, we compare the di!erential jet rates in the
Durham algorithm between parton-shower predictions and matched results. Figure 5 displays the 2 → 3-jet rate
(left) and the 3 → 4-jet rate (right) as predicted by a simulation from the pure ALARIC parton shower, and from
the next-to-leading order matched ALARIC simulation. The increase in the total rate of the process by the expected
K-factor of εs/ϑ is clearly visible. In addition, we observe that the scale uncertainty in this simulation is not reduced,
because the real radiative corrections that determine the jet rates are predicted (mostly) by the parton shower in
both cases. They are therefore endowed with variations determined by Eq. (25), cf. the discussion in Sec. IV.

Next we investigate the stability of the multi-jet merging. In Fig. 6 we show the 2 → 3 and 3 → 4 jet rate in the
Durham kT -algorithm [89] for di!erent values of the merging cut, Qcut. The Qcut values are indicated in the figure
by vertical lines and are varied over a relatively large range. The colored histograms indicate the contributions to the
multi-jet merged result from sub-samples with 2-jet through 5-jet fixed-order calculations. For the 2 → 3 jet rate, we
expect a transition from the 2-jet sub-sample to 3-jet and higher multiplicity sub-samples at the merging cut. For the
3 → 4 jet rate, we expect a transition from the 2-jet and 3-jet sub-samples below the merging cut, to 4-jet and higher
multiplicity matrix elements above the merging cut. We find that the variation of the overall distribution (in black)
around the merging cuts is of less than 10%, and in most cases even smaller. This indicates a good approximation of
the matrix element by the parton shower, even at relatively high resolution scale.

Finally, we illustrate the flexibility in choosing the recoil system by calculating matched predictions for Higgs boson
decays to gluons in the Higgstrahlung production mode e

+
e
→

→ ZH, where we choose the Higgs as the recoil system.
Event shapes in this final state have in the past been computed with quark-gluon discrimination at a potential future
lepton collider like the FCC in mind [90–96]. We correspondingly choose a center of mass energy of

↑
s = 240 GeV

[Höche, Krauss, Meinzinger, DR ’25]
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Alaric kinematics and Resonance awareness

• Similar kinematics previously explored in context of resonance aware showers


• Key observation: 


•  is arbitrary, momentum conservation implemented by ensuring 



• Identify  as resonance, i.e.  for 


• Preserving mass of resonance “for free”                                                       
(some care needed in partial fractioning of eikonal)


• For now assume resonance identification trivial (i.e. by charges in )

K̃
K̃ + p̃i = K + pi + pj

K̃ + p̃i K̃ = p̃W p̃i = p̃b

W+W−bb̄

[Höche, DR ’26]
[Höche, Liebschner, Siegert ’19]
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b

Figure 2. Possible real correction configuration for W+W�bb̄ production and Born configuration
of associated standard CS-dipole. The curved arrow on the right indicates the flow of the recoil.

2 Pseudo-dipole subtraction

The calculation of observables at NLO requires the computation of real and virtual cor-
rections to the Born cross section. After renormalisation both these contributions are
still separately infinite, although their sum is finite for infrared safe observables. In order
to calculate such observables efficiently, general next-to-leading order infrared subtraction
schemes have been devised, the most widely used being the methods by Frixione, Kunszt
and Signer (FKS) [22] and the ones by Catani and Seymour (CS) [23, 24]. Both methods
are based on the extraction of the singular limits of the real-emission corrections, their an-
alytic integration and combination of the result with the virtual corrections to render both
real-emission and virtual corrections separately infrared finite. Focusing, for simplicity, on
the total cross section in a process with no initial state hadrons, we can write schematically

�NLO =

Z

m

�
d�B + d�V + d�I

�
+

Z

m+1

�
d�R

� d�S
�
. (2.1)

Here
R
m d�I =

R
m+1

d�S is the subtraction term, which is analytically integrated over
the phase-space of the additional parton in the real correction and

R
m indicates that the

phase-space integral corresponds to m final-state partons.1 In the remainder of this paper
we will focus on CS dipole subtraction [23]. In processes with intermediate resonances,
this technique exhibits an undesired feature, which can most easily be explained using a
concrete example, say e+e� ! W+W�bb̄. If the center-of-mass energy is greater than
the top pair threshold

p
s & 2mt, this process is dominated by on-shell tt̄-production and

decay. One possible real emission correction to this process is depicted on the left-hand
side of Fig. 2. The subtraction term associated to the b̄g collinear sector is constructed
from the Born-diagram on the right-hand side of Fig. 2, and its kinematics is obtained by
mapping the on-shell final-state momenta of the real correction to Born kinematics using the
algorithm in [23]. In the canonical method, the momenta of the emitter (the b̄-quark) and
the spectator (the b-quark) are adjusted, while all other momenta remain the same. This

1
Our analysis focuses on NLO QCD corrections, though the method can be extended to include NLO

electroweak corrections.

– 3 –
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Parton showers - Cliff notes version

• Evolution governed by no-emission 
probability (Sudakov factor)


• Main ingredients to a shower:


1. splitting kernels  captures soft 
and collinear limits of matrix elements


2. fill phase space ordered in evolution 
variable ( , , , )  here  
ordered shower


3. generate new final state after 
emission according to recoil scheme

P(z)

kt θ q2 … ⇒ kt

Plan for this talk:


1. Splitting kernels and Spin 
correlations


2. Matching Resonance 
Aware Kinematics


3. Width Aware Shower 
Kernels
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Width-Awareness - The Physics Picture
En

er
gy

/F
re

qu
en

cy

 , ω ≫ Γ Γ2

ω2 + Γ2
→ 0

High frequency modes can resolve different 
decay times ,     
incoherent radiation from particles  and   

| ti − tj | = 𝒪(1/Γ)
i j

 , ω ≪ Γ Γ2

ω2 + Γ2
→ 1 IR limit, decays occur effectively at the same 

time relative to frequency of radiation,        
limit relevant for divergencies of virtual/real 
corrections.

 ,  E ≈ 4 GeV Γ2

ω2 + Γ2
≈ 0.1 Both terms become important, transition 

region starts.
 E ≈ 𝒪(1 GeV) Typical scale for parton shower cutoffs

• Top width introduces additional perturbative scale.


• Radiation kernel dependent on :

• Interpolation between regimes by              

Γ
ζ(ω) = Γ2/(ω2 + Γ2)

[Dokshitzer, Khoze, Orr, Stirling ’92]

[Orr, Stirling ’95]

[Khoze, Sjöstrand ’94]

P(z) = PIR(z) + (1 − ζ(z mt))Pfin(z)
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Width-aware parton shower radiation

• Implement width-aware soft kernel in 
Alaric.


• Stop shower after a single emission (theory 
exercise to understand effects on gluon 
emission pattern).


• Single out emissions from  quark (not ):


• Strong suppression in the anti-collinear 
hemisphere.


• Technically, further approximation is related 
to the frame where energy is evaluated.
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FIG. 1. Comparison of Lund-plane rapidity of the first parton-shower emission in a standard evolution algorithm, and the
resonance and width-aware approaches. Left: Full result. Right: Low-energy region, most a!ected by the width e!ects discussed
in Sec. III.

Emissions collinear to the b quark will have large positive values of yg, while emissions collinear to the b̄ quark will have
large negative values. The left panel of Fig. 1 shows the distribution integrated over all gluon energies, while the right

panel focuses on the range E(c.m.)
g < 4 GeV, where ω ↭ 0.9, using the approximation that the top quarks are nearly at

rest in the center of mass frame, cf. Sec. III. For the right panel, we impose an additional cut on the gluon transverse
momentum relative to the bb̄ dipole, kt,g > 1 GeV. This eliminates regions of phase space, where the interplay of the
energy requirement and the shower cuto! conspire to allow emissions collinear to the quark / antiquark only from soft
wide angle radiation o! the antiquark / quark. Note that, with usual shower cuto!s

→
t0 ↑ 1 GeV and the physical

top width ”t ↑ 1.3 GeV, there is no relevant region where ω ↓ 1 would hold, and hence the radiation pattern of a
standard bb̄ dipole is never fully recovered.

The dashed histograms in Fig. 1 display results obtained by selecting only gluons radiated from the b quark (selecting
emissions from the b̄ quark leads to identical plots mirrored at yg = 0). The dotted histograms show results obtained
with the parton-shower kernel using the approximate expression ω(z) on the right hand side of Eq. (13) instead of the
full expression on the left hand side in terms of the gluon energy in the frame of the top quark.

The full distribution, integrated over all energies, on the left of Fig. 1, shows an enhancement of the width aware
evolution kernel in the central region, i.e. for small |yg|. However, emissions form the b-quark into the b̄ hemisphere
(yg < 0), are suppressed in the width-aware evolution. The approximation made in the implementation of ω has
negligible e!ects, deviating from the more accurate expression by at most 1% and only at large rapidities. Accuracy
in these phase-space regions is less critical, because emissions in the collinear regime are identified as part of the b-jet
upon application of a jet algorithm. Considering only emissions from the b quark, the approximation holds only to
a few per-cent in the opposite hemisphere, for yg < ↔1, leading to a somewhat stronger suppression in that region
within the approximate treatment of ω.

In the right panel of Fig. 1, which focuses on gluon energies around the top width, we observe a similar pattern.
Emissions from the b quark into the opposite hemisphere are significantly suppressed, but emissions in the b hemisphere
are enhanced also in the central region. In the combination of emissions from both quarks, the emission probability
is enhanced over the full rapidity range, and relatively flat in yg. The approximate treatment of ω leads to somewhat
larger e!ects here, as could have been anticipated since in this energy range ω interpolates between the a parton shower

[Höche, DR ’26]
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Width-aware matching in Alaric

• Soft radiation pattern should look like this.


• Additional contribution                                                                                                
to integrated soft kernel


• Approx. related to frame where                                                                                 
gluon energy is calculated.

4

Collecting all terms that are enhanced for emissions collinear to pi, we find

→
1

pipj

2piqi
(pipj) + (pjqi)

+
!2
t

E2
j + !2

t

(
1

pipj

2pipk
(pipj) + (pkpj)

↑
1
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2piqk
(pipj) + (pjqk)

)

=
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[
2pipk

(pipj) + (pkpj)
+

E2
j

E2
j + !2

t

(
2piqi

(pipj) + (pjqi)
↑

2pipk
(pipj) + (pkpj)

)]
+ O(vt) .

(11)

Here we have also exploited an ambiguity in the threshold case. When both top quarks are nearly at rest, we find
piqk = piqi + O(vt). The energy of the gluon, Ej , is evaluated in the rest frame of the top quarks,

qi = pW + pi + pj = p̃W + p̃i = n + pi , (12)

and we approximate pjqi = npj + pipj = (1 ↑ z)p̃iK̃ + pipj → (1 ↑ z)p̃iK̃, which gives

E2
j

E2
j + !2

t

=
(qipj)2

(qipj)2 + q2i !
2
t

→
(1 ↑ z)2

(1 ↑ z)2 + ω2
=: ε(z) , where ω =

√
q2i

!t

p̃iK̃
(13)

Motivated by the above, we use the following scalar splitting kernel:

V (s,w)
ij,k (pi, pj , pk, qi) = 8ϑµ2ωϖs Ci

[
2(pipk)

(pipj) + (pkpj)
+ ε(z)

(
2(piqi)

(pipj) + (qipj)
↑

2(pipk)

(pipj) + (pkpj)

)]

= V (s,CS)
ij,k (pi, pj , pk) + V (s,w)

ij,qi
(pi, pj , qi) .

(14)

A parton shower with similarly modified evolution kernels was first studied in Ref. [38]2. Our main goal is to
consistently include the changes in an NLO matched parton shower with NLL safe momentum mapping.

IV. FIXED-ORDER INFRARED SUBTRACTION

In this section we derive the integrated infrared subtraction counterterms in Eq. (4) that correspond to the scalar
radiator functions in Eqs. (7) and (14). We use the techniques from Refs. [18, 24] to perform the relevant integrals.
We define the Catani-Seymour result and the width-dependent, finite remainder as

I(s) =

∫
[dpj ]

1

2pipj

(
↓V s,CS

ij,k ↔ + ↓V s,w
ij,qi

↔

)
= ↑

ϖs

2ϑ

1

!(1 ↑ ϱ)

(
4ϑµ2

2pipk

)ω
TijTk

T2
ij

(
I(s,CS)
i,k + I(s,w)

i,j

)
. (15)

The first term in Eq. (14) can be obtained from the results in App. B by setting A = k.

I(s,CS)
ik =

∫ 1

0
dz

(
↑

ς(1 ↑ z)

2ϱ
+

z

[1 ↑ z]+
↑ 2ϱz

[
log(1 ↑ z)

1 ↑ z

]

+

)

↗
2

ϑ
z→ω

(
npk
npi

l2ik
4

)ω
!2(1 ↑ ϱ)

!(1 ↑ 2ϱ)
lili+kI

(1)
1,1 (lili+k, l

2
i+k) .

(16)

In terms of the variables defined in Ref. [26],

φ ↘
2p̃kK̃

2pipk
, ↼ ↘

2p̃iK̃

2pipk
, µK ↘

K̃2

2pipk
, (17)

we find

I(s,CS)
ik =

1

ϱ2
+

2

ϱ
+ 6 ↑

ϑ2

2
+ 4

[
Li2

(
φ ↑ ↼ +

√
(φ + ↼)2 ↑ 4µK

2↼

)
+ Li2

(
φ + ↼ ↑

√
(φ + ↼)2 ↑ 4µK

2↼

)]
, (18)

2 Note that the definition of ω(z) in Eq. (13) corresponds to 1→ ω(ε) in Ref. [38].

5

e+e→ → W+W→bb̄, I [pb] !I [pb] RS [pb] !RS [pb] IRS [pb] !IRS [pb] !IRS/NLO↑
s = 365 GeV, µR = mt

CS 0.08453 0.00004 -0.02185 0.00037 0.06268 0.00038 0.5!
ALARIC default 0.07293 0.00002 -0.00997 0.00029 0.06296 0.00029 0.4!
ALARIC res. aware 0.13134 0.00003 -0.06908 0.00048 0.06226 0.00048 0.6!
ALARIC res. + width aware 0.13472 0.00005 -0.07248 0.00037 0.06224 0.00037 0.5!
CS-ALARIC default -0.00029 ± 0.00048
CS-ALARIC res. aware 0.00042 ± 0.00061
CS-ALARIC res. + width aware 0.00044 ± 0.00053

TABLE I. Subtraction-scheme dependent cross-section contributions for e+e→ → W+W→bb̄ at
↑
s = 365 GeV with renormal-

ization scale µR = mt = 172.5 GeV. For numerical stability, we require a Durham jet distance of y12 Q
2 > 1 GeV2.

which agrees with Ref. [18]. For the finite term, we obtain the di!erence of two integrands of the type of App. B,
modulated by ω(z), which regulates the soft divergence. The result is finite in ε and reads
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+ O(ε) .

(19)

The z-integral for the ε0 coe#cient can be performed analytically. The result is

I(s,w)
ik = → 2 ln
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2(piqi)2

[
1 → ϖ atan

1
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1 + r(1 + iϖ)

)}
,

(20)

where r = 2piqi/q2i . The numerical evaluation of this expression is slow, due to the various transcendental functions
involved. In practice, we therefore perform the one-dimensional integral in Eq. (19) numerically.

V. VALIDATION AND PHENOMENOLOGY

This section contains validation results as well as first phenomenological results based on the parton shower algo-
rithm described in Secs. II and III, the fixed-order subtraction described in Sec. IV, and a matching of the two using
the S-MC@NLO technique [39–41].

We first validate the correctness of the subtraction scheme by comparing inclusive cross-sections for e+e→ ↓

W+W→bb̄ at
↔

s = 365 GeV. We only present numbers relevant for an informed comparison, i.e., the integrated
counter-terms and the real-subtracted cross-section for each subtraction scheme. The symbols in Tab. I are defined
as follows: I indicates the contribution to the total NLO cross section from the integrated infrared subtraction terms.
RS indicates the contribution to the total NLO cross section from the infrared subtracted real-emission corrections.
IRS indicates the sum of integrated and real subtracted contributions, i.e. IRS = I + RS. The results obtained with
the default ALARIC kinematics and evolution kernel without any modification, for the resonance aware kinematics
with CS kernel as described in Sec. II and, finally, with the width aware kernel from Eq. (14). As an overall reference,
we present numbers from the standard Catani-Seymour subtraction scheme using the public SHERPA version 3.0.3.
We evaluate all contributions to a statistical precision required to reach sub-permille level accuracy for NLO cross
sections, and observe excellent agreement between all subtraction schemes.

As a first test of the QCD radiation pattern in the width-aware parton shower, we study the rapidity of the first
emitted particle in the Lund plane defined by the b and the b̄ quark

yg =
1

2
ln

pgpb̄
pgpb

. (21)
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where r = 2piqi/q2i . The numerical evaluation of this expression is slow, due to the various transcendental functions
involved. In practice, we therefore perform the one-dimensional integral in Eq. (19) numerically.
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This section contains validation results as well as first phenomenological results based on the parton shower algo-
rithm described in Secs. II and III, the fixed-order subtraction described in Sec. IV, and a matching of the two using
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we present numbers from the standard Catani-Seymour subtraction scheme using the public SHERPA version 3.0.3.
We evaluate all contributions to a statistical precision required to reach sub-permille level accuracy for NLO cross
sections, and observe excellent agreement between all subtraction schemes.
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Collecting all terms that are enhanced for emissions collinear to pi, we find

→
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(11)

Here we have also exploited an ambiguity in the threshold case. When both top quarks are nearly at rest, we find
piqk = piqi + O(vt). The energy of the gluon, Ej , is evaluated in the rest frame of the top quarks,

qi = pW + pi + pj = p̃W + p̃i = n + pi , (12)

and we approximate pjqi = npj + pipj = (1 ↑ z)p̃iK̃ + pipj → (1 ↑ z)p̃iK̃, which gives
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Motivated by the above, we use the following scalar splitting kernel:
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(14)

A parton shower with similarly modified evolution kernels was first studied in Ref. [38]2. Our main goal is to
consistently include the changes in an NLO matched parton shower with NLL safe momentum mapping.

IV. FIXED-ORDER INFRARED SUBTRACTION

In this section we derive the integrated infrared subtraction counterterms in Eq. (4) that correspond to the scalar
radiator functions in Eqs. (7) and (14). We use the techniques from Refs. [18, 24] to perform the relevant integrals.
We define the Catani-Seymour result and the width-dependent, finite remainder as
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The first term in Eq. (14) can be obtained from the results in App. B by setting A = k.
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In terms of the variables defined in Ref. [26],
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2 Note that the definition of ω(z) in Eq. (13) corresponds to 1→ ω(ε) in Ref. [38].
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A parton shower with similarly modified evolution kernels was first studied in Ref. [38]2. Our main goal is to
consistently include the changes in an NLO matched parton shower with NLL safe momentum mapping.

IV. FIXED-ORDER INFRARED SUBTRACTION

In this section we derive the integrated infrared subtraction counterterms in Eq. (4) that correspond to the scalar
radiator functions in Eqs. (7) and (14). We use the techniques from Refs. [18, 24] to perform the relevant integrals.
We define the Catani-Seymour result and the width-dependent, finite remainder as

I(s) =

∫
[dpj ]

1

2pipj

(
↓V s,CS

ij,k ↔ + ↓V s,w
ij,qi

↔

)
= ↑

ϖs

2ϑ

1

!(1 ↑ ϱ)

(
4ϑµ2

2pipk

)ω
TijTk

T2
ij

(
I(s,CS)
i,k + I(s,w)

i,j

)
. (15)

The first term in Eq. (14) can be obtained from the results in App. B by setting A = k.

I(s,CS)
ik =

∫ 1

0
dz

(
↑

ς(1 ↑ z)

2ϱ
+

z

[1 ↑ z]+
↑ 2ϱz

[
log(1 ↑ z)

1 ↑ z

]

+

)

↗
2

ϑ
z→ω

(
npk
npi

l2ik
4

)ω
!2(1 ↑ ϱ)

!(1 ↑ 2ϱ)
lili+kI

(1)
1,1 (lili+k, l

2
i+k) .

(16)

In terms of the variables defined in Ref. [26],

φ ↘
2p̃kK̃

2pipk
, ↼ ↘

2p̃iK̃

2pipk
, µK ↘

K̃2

2pipk
, (17)

we find

I(s,CS)
ik =

1

ϱ2
+

2

ϱ
+ 6 ↑

ϑ2

2
+ 4

[
Li2

(
φ ↑ ↼ +

√
(φ + ↼)2 ↑ 4µK

2↼

)
+ Li2

(
φ + ↼ ↑

√
(φ + ↼)2 ↑ 4µK

2↼

)]
, (18)

2 Note that the definition of ω(z) in Eq. (13) corresponds to 1→ ω(ε) in Ref. [38].
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FIG. 2. Comparison of NLO-matched predictions in the standard S-MC@NLO method and the resonance- and width-aware
techniques described in Secs. II and III. W bosons are reconstructed at truth level, including the neutrino momenta. Dotted
and dashed lines show the fixed-order, leading order and next-to-leading order predictions, respectively. Left: Reconstructed
top-quark mass. Right: Gluon-jet rapidity.

with bt and b̄t̄ dipoles, and one with a bb̄ dipole. However, the e!ects remain below 10%. For the overall distributions,
this transition region only plays a minor role, accounting for about 7% of the cross section and contributing soft
gluons that will have a small e!ect on kinematical distributions.

We continue our analysis with NLO matched distributions at parton level. For an easy identification of the final
decay products of the top quarks, we focus on di-leptonic decays into di!erent leptons. Specifically, we let the the
W→ decay to µ→ω̄µ and the W+ to e+ωe. The hadronic final-state particles are clustered into jets using the Durham
algorithm [42]. We cluster all events into exactly 2 jets, and separately events containing at least 3 partons into exactly
3 jets. In both cases, we discard events where the correspondence of the jets to decayed top quarks is ambiguous, i.e.
we require that both (or exactly 2 of the 3) jets contain exactly one b quark, and that those b quarks are of opposite
charge. This means that both b-jets can be combined with the corresponding W boson to form a reconstructed
top/anti-top quark, while the third jet in the 3-jet case acts as a proxy for the emitted gluon. The third jet is
only considered if the relevant clustering distance was y23 Q2

had > 1 GeV2. We first analyze events with truth level
reconstructed W bosons, i.e. including the neutrino momenta. In Fig. 2, we show the top-quark mass reconstructed
from the 2-jet clustering, and the rapidity distribution of the gluon-proxy jet. In the latter case we measure the
rapidity relative to the directions of the b-jets. Both the default and the width aware matching scheme predict a
significant enhancement of the tails of the top-quark mass distribution. Since the resonance aware shower does by
construction not change the total mass of the top decay products including radiation o! of them, this change is due to
clustering mismatches where radiation from the b-quark is assigned to the jet containing the b̄ quark and vice-versa.
The gluon-jet rapidity distribution confirms that indeed the first two matching schemes predict significantly more
radiation in the central region, while the fixed order result shows a marked depletion, consistent with the expectation
that, in most of the relevant phase space, both b-quarks radiate gluons independently, rather than as a coherent
dipole. Only the width aware parton shower preserves this behavior after the matching.

We finally discuss a setup where the leptonic decays of the W bosons are taken into account. The left panel of
Fig. 3 shows the visible mass reconstructed from µ→ and the corresponding b-jet. The right panel shows the angular
separation between the gluon jet and the µ→. We observe that the width aware splitting kernels produce fewer
additional jets than both the default and the resonance aware matched showers, and also slightly fewer than predicted
at fixed order. The angular separation is otherwise una!ected by the matching, and the shape matches the fixed
order result in all three cases. The visible top mass shown in the left panel displays the peak structure typical of such
an observable. The large matching e!ects for the default and resonance aware matching schemes already observed in
Fig. 2 are concentrated in the high-mass tail of Fig. 3 left, which is known to be dominated by the shape of the Breit-
Wigner distribution of the resonance virtuality. Even though the neutrino is consistently treated as missing energy,
there still remains a factor > 2 di!erence between resonance aware and width-aware matching as a consequence of the

• Consider  production with 
fully leptonic decays


• “true” measured top mass:


• Including full neutrino information,  
jet reconstructed with Durham 
algorithm


• Large effects on top of NLO in tails, 
both in default and resonant aware 
matched showers


• Only width-aware matching close to 
NLO distribution
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• Consider  production with fully 
leptonic decays.


• Rapidity distribution of additional gluon 
jet.


• NLO and width-aware matching show 
suppression in the central region 
(independent emission from separate 
s).


• Other showers produce coherent 
radiation from  at all energies, leading 
to strong enhancement. 
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FIG. 2. Comparison of NLO-matched predictions in the standard S-MC@NLO method and the resonance- and width-aware
techniques described in Secs. II and III. W bosons are reconstructed at truth level, including the neutrino momenta. Dotted
and dashed lines show the fixed-order, leading order and next-to-leading order predictions, respectively. Left: Reconstructed
top-quark mass. Right: Gluon-jet rapidity.

with bt and b̄t̄ dipoles, and one with a bb̄ dipole. However, the e!ects remain below 10%. For the overall distributions,
this transition region only plays a minor role, accounting for about 7% of the cross section and contributing soft
gluons that will have a small e!ect on kinematical distributions.

We continue our analysis with NLO matched distributions at parton level. For an easy identification of the final
decay products of the top quarks, we focus on di-leptonic decays into di!erent leptons. Specifically, we let the the
W→ decay to µ→ω̄µ and the W+ to e+ωe. The hadronic final-state particles are clustered into jets using the Durham
algorithm [42]. We cluster all events into exactly 2 jets, and separately events containing at least 3 partons into exactly
3 jets. In both cases, we discard events where the correspondence of the jets to decayed top quarks is ambiguous, i.e.
we require that both (or exactly 2 of the 3) jets contain exactly one b quark, and that those b quarks are of opposite
charge. This means that both b-jets can be combined with the corresponding W boson to form a reconstructed
top/anti-top quark, while the third jet in the 3-jet case acts as a proxy for the emitted gluon. The third jet is
only considered if the relevant clustering distance was y23 Q2

had > 1 GeV2. We first analyze events with truth level
reconstructed W bosons, i.e. including the neutrino momenta. In Fig. 2, we show the top-quark mass reconstructed
from the 2-jet clustering, and the rapidity distribution of the gluon-proxy jet. In the latter case we measure the
rapidity relative to the directions of the b-jets. Both the default and the width aware matching scheme predict a
significant enhancement of the tails of the top-quark mass distribution. Since the resonance aware shower does by
construction not change the total mass of the top decay products including radiation o! of them, this change is due to
clustering mismatches where radiation from the b-quark is assigned to the jet containing the b̄ quark and vice-versa.
The gluon-jet rapidity distribution confirms that indeed the first two matching schemes predict significantly more
radiation in the central region, while the fixed order result shows a marked depletion, consistent with the expectation
that, in most of the relevant phase space, both b-quarks radiate gluons independently, rather than as a coherent
dipole. Only the width aware parton shower preserves this behavior after the matching.

We finally discuss a setup where the leptonic decays of the W bosons are taken into account. The left panel of
Fig. 3 shows the visible mass reconstructed from µ→ and the corresponding b-jet. The right panel shows the angular
separation between the gluon jet and the µ→. We observe that the width aware splitting kernels produce fewer
additional jets than both the default and the resonance aware matched showers, and also slightly fewer than predicted
at fixed order. The angular separation is otherwise una!ected by the matching, and the shape matches the fixed
order result in all three cases. The visible top mass shown in the left panel displays the peak structure typical of such
an observable. The large matching e!ects for the default and resonance aware matching schemes already observed in
Fig. 2 are concentrated in the high-mass tail of Fig. 3 left, which is known to be dominated by the shape of the Breit-
Wigner distribution of the resonance virtuality. Even though the neutrino is consistently treated as missing energy,
there still remains a factor > 2 di!erence between resonance aware and width-aware matching as a consequence of the
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Resonance- and Width aware parton shower

• Consider  production with fully 
leptonic decays.


• Visible reconstructed top mass: mass 
of lepton from  decay and 
reconstructed -jet


• Same large enhancements as before, 
now concentrated in high visible mass 
tail. 

• Non-width-aware showers would predict 
significant distortion of shoulder relative 
to NLO expectation.

W+W−bb̄

W
b

8

10�8

10�7

10�6

10�5

10�4

d�
dm

(v
is

)
t

[p
b/

G
eV

]

e+e� ! e+�eµ��̄µbb̄
p

s = 365 GeV

ALARIC S-MC@NLO
default
res. aware
res. + width
aware
NLO
LO

ALARIC S-MC@NLO
default
res. aware
res. + width
aware
NLO
LO

0 25 50 75 100 125 150 175 200

m(vis)
t = mµ� ,b�jet [GeV]

0

2

4

A
L

A
R

IC
S�

M
C

@
N

LO
N

LO

10�4

10�3

d�
d�

g�
je

t,µ
�

[p
b]

e+e� ! e+�eµ��̄µbb̄
p

s = 365 GeV
y23 Q2

had > 1 GeV2

ALARIC S-MC@NLO
default
res. aware
res. + width
aware
NLO

ALARIC S-MC@NLO
default
res. aware
res. + width
aware
NLO

0.0 0.5 1.0 1.5 2.0 2.5 3.0

�g�jet,µ�

0.5

1.0

1.5

A
L

A
R

IC
S�

M
C

@
N

LO
N

LO

FIG. 3. Comparison of NLO-matched predictions in the standard S-MC@NLO method and the resonance- and width-aware
techniques described in Secs. II and III. W bosons decay leptonically. Dotted and dashed lines show the fixed-order, leading
order and next-to-leading order predictions, respectively. Left: Visible anti-top quark mass. Right: Angular separation between
gluon jet and lepton.

e!ects discussed in Sec. III. Only the parton shower matched in the width aware scheme closely follows the fixed-order
prediction in that region. Given the expected statistical accuracy and systematic precision of a potential FCC-ee,
the di!erences between resonance- and width-aware evolution would impact potential template fits performed on this
observable.

VI. OUTLOOK

Standard parton shower simulations do not account for potential resonances appearing in the hard process when
simulating the radiation of soft gluons from external legs. This simplification is insu”cient for several reasons. Firstly,
additional radiation can significantly alter the propagator structure of the hard process and shift narrow resonances o!
their mass shell, which poses problems for infrared subtraction and the associated parton shower matching. Secondly,
the radiation from color charged particles connected by resonances is often significantly altered by nontrivial width
e!ects. They impact only energy scales above the width, and will therefore not be described correctly by a formalism
that determines the radiation pattern purely based on the infrared limit of the scattering amplitudes. However, due
to its higher energy, the radiation at scales above the width of resonances can also be far more important in practice
than the radiation produced at lower scales.

In this manuscript, we have presented an approach that addresses the challenges associated with internal resonances,
using a modern parton shower with NLL-preserving kinematics mapping. In the context of tt̄ production at the FCC-
ee, we introduced a fully resonance aware evolution and subtraction scheme based on the ALARIC method.

Our method to achieve resonance awareness in the parton shower and matching is general, and can be applied to
processes like top quark production (and subsequent decays) at the LHC. Refinements in the strategy for resonance
identification will, however, be necessary for processes with competing resonances. Regarding the physics modeling
of color singlet tt̄ production, the main restriction currently appears to be the requirement to be close to threshold,
such that terms of O(vt) can be neglected, but not close enough for Coulomb e!ects of O(ωs/vt) to play a role. We
performed our analysis in the phenomenologically most relevant region for FCC-ee, at

→
s = 365 GeV, where both

these e!ects are suppressed. An improved calculation should include resummation of Coulomb e!ects (similar to Ref.
[43]), a full NLO fixed order treatment of the top decays, and e!ects of QED radiation.

[Höche, DR ’26]
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Summary

• Update on status of Alaric parton shower, after


• Initial development as Sherpa shower with recoil-safe kinematics


• First LHC Phenomenology and LO merging


• First NLO matching


• New:


• Spin correlations from semi-classical currents


• Resonance-aware kinematics and recoil scheme


• Width-aware evolution and matching


