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Parton showers

Scattering amplitudes
have a universal,
factorisable singularity
structure in the limit of
soft or collinear
emissions.

This allows us to extract
a ‘splitting probability’
for such emissions.
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Constructing a dipole shower

To make this more concrete, suppose we have a process with n + 1 final
state partons and we allow parton j to become soft or collinear relative to
parton i , then we have

|Mn+1|2
pi ·pj→0−−−−−→

∑
k ̸=i ,j

Kij ,k ⊗ |Mn|2 =
∑
k ̸=i ,j

DA
ij ,k ∝ 1

2pi · pj

Catani, Seymour ’96

where splitting kernel Kij ,k is a matrix in spin (and colour) space that

describes splitting ı̃ȷ+ k̃ → i + j + k

Spectator k is needed to absorb recoil in order to keep all partons on shell
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Constructing a dipole shower

The shower is defined recursively through the generating functional

Fn(t, t
′) = ∆(t, t ′) +

∫ t′

t
dΦ1KFn+1(t̄, t

′)

∆(t, t ′) = exp

(
−
∫ t′

t
dΦ1K

)

K = DA

B is the splitting kernel summed over dipoles {i , j , k}
t is the ordering parameter of the emissions that parametrises the
singular IR limits. For SHERPA t = −k2T > 0

Sudakov ∆(t, t ′) acts as the no-splitting probability between t and t ′
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MC@NLO Matching

Hard emissions are generated by the real NLO cross section (H events)

Soft emissions are generated by the shower (S events)

dσMC@NLO = dΦn

S event︷ ︸︸ ︷
B̄Fn(tmax, t0)+dΦn+1

H event︷ ︸︸ ︷[
R − DA

]
Fn+1(t, t0)

B̄ = B + V + I +

∫
dΦ1

[
DA − DS

]
Integrated subtraction term I =

∫
dΦ1D

S is used to preserve total cross
section while ensuring each term is pointwise IR finite.
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QCD+QED MC@NLO

The MC@NLO formula is straightforwardly extended to allow simultaneous
matching for QCD and QED as every NLO term now has both
contributions.

In particular, we now have two types of H events and the shower contains
interleaved QCD and QED emissions.

HQCD = RQCD − DA
QCD

HQED = RQED − DA
QED

K = KQCD + KQED ≡
DA
QCD + DA

QED

B
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QCD vs QED showers

DA
ij ,k =

− 1
2pi ·pj

T
k̃
·Tı̃ȷ

T2
ı̃ȷ

Vij ,k ⊗ |Mn|2 for QCD Catani, Seymour 1996

− 1
2pi ·pj

Qı̃ȷQk̃

Q2
ı̃ȷ

Vij ,k ⊗ |Mn|2 for QED Schönherr 2018

Vij ,k is a spin-dependent splitting function. For collinear splittings, it
is independent of spectator k

For QCD, we use the large Nc limit to replace the colour matrices
with the constraint that we only use colour-connected spectators

For QED, we must take all spectators, which can lead to negative
weighted events
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Resonance aware subtraction: motivation

q

q̄

Z/γ∗Z/γ∗
e−

e+
γ

q

q̄

Z/γ∗
e−

e+
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qq̄→ e+e− + ewjqq̄→ e+e− + ewj

The momentum reshuffling procedure may cause
large changes in cross section near the resonance
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Resonance aware subtraction: solution

q

q̄ e−

e+

For hard photon emissions, we
forbid dipoles between the initial
and final states

Soft photons can’t resolve the Z
so we return to standard
dipoles, with threshold ∼ ΓZ

Resonance-aware FKS subtraction has been implemented in POWHEG [Jez̆o et al. 2015]

and MADGRAPH [Frederix et al. 2016] and another CS approach was performed in SHERPA
[Höche et al. 2019] but these are not suitable for our purposes
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Resonance aware subtraction: recovering limits

In the collinear limit, the only dependence on the spectator is from

the charge correlator Q2
ij ,k =

Qı̃ȷQk̃

Q2
ı̃ȷ

In this limit, the dipoles we forbid exactly cancel pairwise so

−
∑
k̃ ̸=ı̃ȷ

no IF/FI

Qı̃ȷQk̃
= −

∑
k̃ ̸=ı̃ȷ

Qı̃ȷQk̃
= Q2

ı̃ȷ

In the soft limit we use our standard subtraction so the correct limit is
guaranteed
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Resonance aware shower

No good way to separate the inital and final state showers

We use the OSSF spectator scheme implemented by Lois Flower
[Flower 2024]. A similar feature is available in Pythia

This exactly reproduces the collinear limit, as before, but is an
approximation in the soft limit

The transition back to standard dipoles is only implemented for the
MC@NLO step, not the subsequent shower

J Roper (IPPP) QCD+QED MC@NLO October 10, 2025 12 / 17



qq̄ → νe ν̄e QCD+QED MC@NLO
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qq̄ → e+e− resonance aware subtraction
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qq̄ → e+e− resonance aware MC@NLO

Single emission
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Full shower
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Results from SHERPA +OPENLOOPS
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Summary and Outlook

QCD+QED MC@NLO successfully implemented in SHERPA

Resonance aware NLO subtraction and shower in place for
qq̄ → e+e−

We are currently working on implementing resonance aware dipole
subtraction for qq̄′ → e−ν̄e using the splitting kernels in [Basso et al.
2015] for IR singularities in decay processes. Results soonTM

In the future, we would like to look into processes that require
resonance aware QCD dipoles as well as QED, such as tt̄ production
and decay
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Thank you!
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Backup slides: QCD+QED MC@NLO with W resonance
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Backup slides: QCD+QED MC@NLO with W resonance
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