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Motivation

Matteo Defranchis (CERN)

Fit of near-threshold + above threshold
•3-dimensional fit of mt, Γt, and yt, with profiled ⍺S and calibration parameters 
•10 equally-spaced points (0.5 GeV) with equal luminosity (41 fb-1) 
•365 GeV run provides additional sensitivity to top Yukawa

√s [GeV] Integrated lumi
340-345 410 fb-1

365 2.65 ab-1

10

N.B. yt result assumes SM coupling of top quark to Z boson and photon

cf. CLIC: 2.7% (stat) in yt with 2.5 ab-1 of ttH

Theory 35 25 ?
[Defranchis et. Al ’25]

[arXiv:1707.08124]
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Figure 2: (Top) phase diagram for stability in the m
pole

t /m
pole

h
plane and closeup of the SM

region. Ellipses show the 68%, 95% and 99% contours based on the experimental uncertain-
ties on m

pole

t and m
pole

h
. The shaded bands on the phase boundaries, framed by the dashed

lines and centered on the solid lines, are combinations of the ↵s experimental uncertainty
and the theory uncertainty. (Bottom) phase diagram in the m

pole

t /↵s(mZ) plane, with un-
certainty on the boundaries given by combinations of uncertainty on m

pole

h
and theory. The

dotted line on the right plots is the naive absolute stability prediction using Eq. (6.14).
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• Top quark mass is a crucial parameter in the        
Standard Model


• Limiting factor in global electroweak fit 

• Quantum corrections to Higgs potential and stability


• Measurement at the LHC limited in                                                                     
precision (  MeV)


• i.e. FCC-ee could have threshold scan                                    
and high energy run at  GeV


•  MeV as required by EW fit


• Need high precision tools, even to                       
understand mild fiducial cuts

Δmt ≈ 200

s = 365

Δmt < 50

https://arxiv.org/pdf/1707.08124
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Setup

• Study  at  GeV                                           


• relatively close to threshold, but outside Coulomb regime


• Two challenges from narrow, coloured resonance appearing:


• Width  introduces additional perturbative scale


• Not visible in event-by-event kinematics, not affecting radiation in 
standard parton shower


• Kinematic mapping changes virtuality of internal top quarks


•  Solved by introducing resonance aware subtraction schemes

e+e− → tt̄ → W−W+bb̄ s = 365

Γt

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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Framework

• Work with the Sherpa 3 Monte Carlo Generator


• General purpose event generator


• Matrix element generator Amegic and Comix with                                          
automated Catani-Seymour subtraction


• New parton shower Alaric  

• Recoil safe global kinematics 

• as required for NLL event shapes


• Multiplicative treatment of soft eikonal

[Catani, Seymour ’97]

[arXiv:2410.22148]

[Höche, Herren, Krauss, 
Schönherr, DR ’21]

[Dasgupta, Dreyer, Hamilton,Monni, Salam, Soyez ’20]              
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FIG. 9. Inclusive jet multiplicity in inclusive jet production at
p
s = 7 TeV (upper left panel) with cross sections (top), the

ratio of simulation and data (middle) and ratios between Njet to Njet � 1 jet rate (bottom). The Njet = 3 to Njet = 2 rates
(right) di↵erential in the transverse momentum of the leading jet (upper right panel); both sets of data are taken from [116].
Ratio of inclusive 3 jet over 2 jet rate R32 at

p
s = 7 TeV, as predicted by Alaric and compared to measurements from

ATLAS [116] (lower left) and CMS [117] (lower right).

While so far we have considered the transverse momenta and multiplicity distributions of leading jets in the events,
we next analyze a class of observables sensitive to additional radiation in the event. To this end we consider non-
global observables called gap fractions, i.e. the fraction of events with no jets harder than a cuto↵ Q0 in the rapidity
interval of size �y between the two leading jets of a dijet system. We compare our results to data measured by the
ATLAS experiment [118] at

p
s = 7 TeV in Fig. 11. This analysis uses anti-kt jets with a radius of R = 0.6, and the

measurement is presented in several �y bins starting from 0�y < 1 ranging up to 7 < �y < 8. We observe excellent
agreement of the data at larger Q0 for the full range of �y. Only for the smallest Q0 values we find a slight excess of
our parton-shower predictions over the data.

Finally, we highlight Alaric’s performance in describing the intra-jet dynamics by presenting a comparison to a
jet substructure observable, in Fig. 12. The CMS collaboration has measured several variants of angularities [119]
in dijet events at 13 TeV. This measurement has been studied extensively using Sherpa in the past [120, 121]. For
brevity we restrict ourselves to showcasing the case of the so-called Les Houches angularity [122, 123] measured on
charged particles in anti-kt jets with radius R = 0.8. We observe a similar level of agreement to the data as these
earlier studies, describing the general trend of the data but tentatively producing somewhat narrower distributions
than seen in data.
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Outline

The rest of this talk:


1. A Width-aware Parton Shower


2. Resonance-aware NLO matching


3. Results


Mostly generic physics arguments, but specific 
implementation in Alaric in Sherpa 3
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1. A Width-aware Parton Shower 

2. Resonance-aware NLO matching


3. Results


Mostly generic physics arguments, but specific 
implementation in Alaric in Sherpa 3
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The (classical) Physics Picture

• Heavy charged particle (“top quark”) produced with small velocity


• At random time , decay to light charge (“b quark”) and neutral (“ ”)                                              
 generates bremsstrahlung (“kicked charge”)


• With 2 tops decaying at random times: total radiation is superposition of individual 
contributions, including interference 


• Particle decays happen at random time with decay                                         
distribution   , averaging yields 


• Full Result:                                                                                                

ti = 𝒪(1/Γt) W
→

∼ dt Γ e−Γt

7

dI(ω)
dΩ

∝ ⃗N βi ∫
∞

ti

eiω(1−βi cos θi)(t−ti)dt

2

[Jackson, Ch. 15.7]

dIint(ω)
dΩ

∝ 2Re
⃗N βi

⋅ ⃗N βj

(1 − βi cos θi)(1 − βj cos θj)
ei(ti−tj)ω

Γ2 ∫ dti dtj ei(ti−tj)te−Γtie−Γtj =
Γ2

ω2 + Γ2

dI(ω)
dΩ

∝ [ β2
i sin2 θi

(1 − β cos θi)2
+

β2
j sin2 θj

(1 − β cos θj)2

+
Γ2

ω2 + Γ2 (2
1 − βiβj cos θij

(1 − βi cos θi)(1 − βj cos θj)
−

βi sin2 θi

(1 − βi cos θi)2
−

βj sin2 θj

(1 − βj cos θj)2 ) + 𝒪(1 − β)]

[Dokshitzer, Khoze, Orr, Stirling ’92]



8

The (classical) Physics Picture

• Heavy charged particle (“top quark”) produced with small velocity


• At random time , decay to light charge (“b quark”) and neutral (“ ”)                                              
 generates bremsstrahlung (“kicked charge”)


• With 2 tops decaying at random times: total radiation is superposition of individual 
contributions, including interference 


• Particle decays happen at random time with decay                                         
distribution   , averaging yields 


• Full Result:                                                                                                

ti = 𝒪(1/Γt) W
→

∼ dt Γ e−Γt

8

dI(ω)
dΩ

∝ ⃗N βi ∫
∞

ti

eiω(1−βi cos θi)(t−ti)dt

2

[Jackson, Ch. 15.7]

dIint(ω)
dΩ

∝ 2Re
⃗N βi

⋅ ⃗N βj

(1 − βi cos θi)(1 − βj cos θj)
ei(ti−tj)ω

Γ2 ∫ dti dtj ei(ti−tj)te−Γtie−Γtj =
Γ2

ω2 + Γ2

dI(ω)
dΩ

∝ [ β2
i sin2 θi

(1 − β cos θi)2
+

β2
j sin2 θj

(1 − β cos θj)2

+
Γ2

ω2 + Γ2 (2
1 − βiβj cos θij

(1 − βi cos θi)(1 − βj cos θj)
−

βi sin2 θi

(1 − βi cos θi)2
−

βj sin2 θj

(1 − βj cos θj)2 ) + 𝒪(1 − β)]

β

ti = 𝒪(1/Γ)
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[Dokshitzer, Khoze, Orr, Stirling ’92]
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The (classical) Physics Picture — Interpretation

dI(ω)
dΩ

∝ [ β2
i sin2 θi

(1 − β cos θi)2
+

β2
j sin2 θj

(1 − β cos θj)2
+

Γ2

ω2 + Γ2 (2
1 − βiβj cos θij

(1 − βi cos θi)(1 − βj cos θj)
−

βi sin2 θi

(1 − βi cos θi)2
−

βj sin2 θj

(1 − βj cos θj)2 )]

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

dI(ω)
dΩ

→ [ β2
i sin2 θi

(1 − β cos θi)2
+

β2
j sin2 θj

(1 − β cos θj)2 ]

 , ω ≪ Γ Γ2

ω2 + Γ2
→ 1

dI(ω)
dΩ

→ 2
1 − βiβj cos θij

(1 − βi cos θi)(1 − βj cos θj)

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
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Soft limit of resonant QCD amplitudes

• Should as well come out of QCD amplitudes, include top propagator with 
width/complex mass in current [Jikia ’91]

[Khoze, Stirling, Orr ’92]
[Dokshitzer, Khoze, Orr, Stirling ’92]

[Orr, Stirling ’95]
[Khoze, Sjöstrand ’94]

Bμ
i = (

pμ
i

pi ⋅ k
−

qμ
i

qi ⋅ k ) 1

(q2
i − (M − iΓt /2)2) ((qi + k)2 − (M − iΓt /2)2)

422 VA. Khoze et a!. / Soft g!uon radiation

~:: ~::
(a)

(b)

Fig. 2. Feynman diagrams for gluon emission in e~e —* It —* bW~bW;the decomposition
corresponds to that in eq. (18). Heavy lines denote off-shell quarks, and x represents the
(artificial) boundary between top production and decay. (a) Correction to top production. (b)

Correction to top decay.

(i) From eq. (23) we see that taking the limit MF << lq, . ki (which is
formally equivalent to setting F = 0) gives three distinct contributions which
can be identified with emission off separate q~antennas:

F = Al2 + B
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K = n → pj , to construct a matching scheme that preserves the virtuality of the identified resonances. In the case of
the e+e→ ↑ W+W→bb̄ process, it is applied as follows: If a parton originating in the decay of the (anti-)top quark
splits, we set the recoil vector to the sum of the other (anti-)top decay products [17]. This ensures that the necessary
momentum reshu!ing happens entirely within the decay products of the identified resonance. However, an additional
complication arises because the resonances are color connected. The treatment of eikonal factors in Ref. [23, 26]
assumes that for radiation o” both partons forming a dipole, the same recoil vector, K̃, will be chosen. Only then can
we use the scalar emission kernel in Eq. (5), which depends on the recoil vector K̃ through n. The technique fails for
resonance aware evolution of dipoles that are split across di”erent resonances, because they are now assigned di”erent
recoil vectors. The solution is to replace Eq. (5) by the original scalar emission operator of Catani and Seymour,
which is based on a partial fractioning in terms of scalar invariants, and therefore independent of K̃:

V (s,CS)
ig,k (pi, pj) = 8ωµ2! εs Ci

2(pipk)

(pipj) + (pkpj)
. (7)

During the subsequent parton shower evolution, each newly created particle inherits the assignment to a particular
resonance from their emitter. The recoil from additional emissions is thus always distributed among the particles
identified as originating in the same resonance. An additional complication arises, however, in the matching to
next-to-leading order calculations. In order to define the initial conditions of the parton shower for events with a real
emission (called H-events in the MC@NLO literature) one must assign a unique parton-shower branching history to the
higher-multiplicity final state. This can be achieved consistently with the help of well-known algorithms for multi-jet
merging [37]. More specifically, one can perform a single clustering step, with the branching selected probabilistically,
according to the parton shower evolution kernels. In the case of e+e→ ↑ W+W→bb̄, this assigns the additional gluon
to either the b or b̄ quark, which in turn determines its recoil vector.

The assignment of recoil, and the change from Eq. (5) to Eq. (7), define the resonance aware evolution scheme in

the ALARIC formalism. No changes are needed for the splitting operator, V (p)
ij,k, in Eq. (3).

III. WIDTH-AWARE PARTON EVOLUTION CLOSE TO THE t øt THRESHOLD

In this section we will introduce the width aware parton evolution, which allows us to significantly increase the
precision of the simulation of processes with identified resonances close to the threshold. Consider again the process
e+e→ ↑ W+W→bb̄. We label the momenta of the intermediate, potentially o”-shell top quark and anti-top quark as
qi and qk, and the momenta of the final-state (massless) b-quark and anti-b quark as pi and pk. Assuming a single
additional gluon in the final state, we label its momentum as pj . Following Refs. [19, 20], the matrix element squared
above and close to threshold receives contributions from the dipoles formed by the top and bottom quarks (i.e. from
the individual top decay processes)

B2
i =

2piqi
(pipj)(pjqi)

→
m2

t

(pjqi)2
=

1

pipj

2piqi
(pipj) + (pjqi)

+
1

qipj

2piqi
(pipj) + (pjqi)

→
m2

t

(qipj)2
,

B2
k =

2pkqk
(pkpj)(pjqk)

→
m2

t

(pjqk)2
=

1

pkpj

2pkqi
(pkpj) + (pjqk)

+
1

qkpj

2pkqi
(pkpj) + (pjqk)

→
m2

t

(qkpj)2
.

(8)

There is also a width suppressed interference contribution,

2 Re[BiB
↑
k ] =

2m2
t#

2
t ((pjqi)(pjqk) + m2

t#
2
t )

((pjqi)2 + m2
t#

2
t )((pjqk)

2 + m2
t#

2
t )

↓

!
qiqk

(qipj)(pjqk)
→

piqk
(pipj)(pjqk)

+
pipk

(pipj)(pkpj)
→

pkqi
(pkpj)(pjqi)

" (9)

as well as additional contributions from the top-antitop dipole that are suppressed by the top quark velocity vt. For
center of mass energies close to the threshold (but not so close that bound-state e”ects are important), we can neglect
the velocity-suppressed terms and substitute

pjqi ↑ Ejmt , q1q2 ↑ m2
t ,

m2
t#

2
t ((pjqi)(pjqk) + m2

t#
2
t )

((pjqi)2 + m2
t#

2
t )((pjqk)

2 + m2
t#

2
t )

↑
#2
t

E2
j + #2

t

. (10)
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assumes that for radiation o" both partons forming a dipole, the same recoil vector,÷K , will be chosen. Only then can
we use the scalar emission kernel in Eq. (5), which depends on the recoil vector÷K through n. The technique fails for
resonance aware evolution of dipoles that are split across di" erent resonances, because they are now assigned di" erent
recoil vectors. The solution is to replace Eq. (5) by the original scalar emission operator of Catani and Seymour,
which is based on a partial fractioning in terms of scalar invariants, and therefore independent of÷K :

V (s,CS)
ig,k (pi , pj ) = 8 ! µ2! " s Ci
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During the subsequent parton shower evolution, each newly created particle inherits the assignment to a particular
resonance from their emitter. The recoil from additional emissions is thus always distributed among the particles
identiÞed as originating in the same resonance. An additional complication arises, however, in the matching to
next-to-leading order calculations. In order to deÞne the initial conditions of the parton shower for events with a real
emission (called H-events in the MC@NLO literature) one must assign a unique parton-shower branching history to the
higher-multiplicity Þnal state. This can be achieved consistently with the help of well-known algorithms for multi-jet
merging [37]. More speciÞcally, one can perform a single clustering step, with the branching selected probabilistically,
according to the parton shower evolution kernels. In the case ofe+ e! " W + W ! bøb, this assigns the additional gluon
to either the b or øb quark, which in turn determines its recoil vector.

The assignment of recoil, and the change from Eq. (5) to Eq. (7), deÞne the resonance aware evolution scheme in
the ALARIC formalism. No changes are needed for the splitting operator,V (p)

ij,k , in Eq. (3).

III. WIDTH-AWARE PARTON EVOLUTION CLOSE TO THE t øt THRESHOLD

In this section we will introduce the width aware parton evolution, which allows us to signiÞcantly increase the
precision of the simulation of processes with identiÞed resonances close to the threshold. Consider again the process
e+ e! " W + W ! bøb. We label the momenta of the intermediate, potentially o" -shell top quark and anti-top quark as
qi and qk , and the momenta of the Þnal-state (massless) b-quark and anti-b quark aspi and pk . Assuming a single
additional gluon in the Þnal state, we label its momentum aspj . Following Refs. [19, 20], the matrix element squared
above and close to threshold receives contributions from the dipoles formed by the top and bottom quarks (i.e. from
the individual top decay processes)
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as well as additional contributions from the top-antitop dipole that are suppressed by the top quark velocityvt . For
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• Again, interference between  and  dipoles changes radiation pattern 
dependent on width


• Analyse close to threshold 

• Full emission kernel should be (only coll. to  parts):

tb t̄b̄

i
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K = n ! pj , to construct a matching scheme that preserves the virtuality of the identiÞed resonances. In the case of
the e+ e! " W + W ! bøb process, it is applied as follows: If a parton originating in the decay of the (anti-)top quark
splits, we set the recoil vector to the sum of the other (anti-)top decay products [17]. This ensures that the necessary
momentum reshu! ing happens entirely within the decay products of the identiÞed resonance. However, an additional
complication arises because the resonances are color connected. The treatment of eikonal factors in Ref. [23, 26]
assumes that for radiation o" both partons forming a dipole, the same recoil vector,÷K , will be chosen. Only then can
we use the scalar emission kernel in Eq. (5), which depends on the recoil vector÷K through n. The technique fails for
resonance aware evolution of dipoles that are split across di" erent resonances, because they are now assigned di" erent
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identiÞed as originating in the same resonance. An additional complication arises, however, in the matching to
next-to-leading order calculations. In order to deÞne the initial conditions of the parton shower for events with a real
emission (called H-events in the MC@NLO literature) one must assign a unique parton-shower branching history to the
higher-multiplicity Þnal state. This can be achieved consistently with the help of well-known algorithms for multi-jet
merging [37]. More speciÞcally, one can perform a single clustering step, with the branching selected probabilistically,
according to the parton shower evolution kernels. In the case ofe+ e! " W + W ! bøb, this assigns the additional gluon
to either the b or øb quark, which in turn determines its recoil vector.
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Collecting all terms that are enhanced for emissions collinear topi , we Þnd
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Here we have also exploited an ambiguity in the threshold case. When both top quarks are nearly at rest, we Þnd
pi qk = pi qi + O(vt ). The energy of the gluon,Ej , is evaluated in the rest frame of the top quarks,

qi = pW + pi + pj = ÷pW + ÷pi = n + pi , (12)

and we approximatepj qi = npj + pi pj = (1 " z) ÷pi ÷K + pi pj ! (1 " z)÷pi ÷K , which gives
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Motivated by the above, we use the following scalar splitting kernel:
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A parton shower with similarly modiÞed evolution kernels was Þrst 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 deÞne the Catani-Seymour result and the width-dependent, Þnite remainder as
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The Þrst 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 deÞned in Ref. [26],
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2 Note that the deÞnition of ! (z) in Eq. (13) corresponds to 1 ! ! (" ) in Ref. [38].
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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 anti-collinear 
hemisphere


• Technically, further approximation related 
to frame where energy is evaluated
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FIG. 1. Comparison of Lund-plane rapidity of the Þrst 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 thebquark will have large positive values ofyg, while emissions collinear to theøbquark 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 rangeE (c.m.)

g < 4 GeV, where! ! 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 bøb 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! # 1 would hold, and hence the radiation pattern of a
standard bøb dipole is never fully recovered.

The dashed histograms in Fig. 1 display results obtained by selecting only gluons radiated from thebquark (selecting
emissions from theøb quark leads to identical plots mirrored at yg = 0). The dotted histograms show results obtained
with the parton-shower kernel using the approximate expression! (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 theb-quark into the øb hemisphere
(yg < 0), are suppressed in the width-aware evolution. The approximation made in the implementation of! 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 identiÞed as part of theb-jet
upon application of a jet algorithm. Considering only emissions from theb quark, the approximation holds only to
a few per-cent in the opposite hemisphere, foryg < $ 1, leading to a somewhat stronger suppression in that region
within the approximate treatment of ! .

In the right panel of Fig. 1, which focuses on gluon energies around the top width, we observe a similar pattern.
Emissions from thebquark into the opposite hemisphere are signiÞcantly suppressed, but emissions in thebhemisphere
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 ßat in yg. The approximate treatment of ! leads to somewhat
larger e! ects here, as could have been anticipated since in this energy range! interpolates between the a parton shower

[Höche, DR ’26]
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Outline

The rest of this talk:


1. A Width-aware Parton Shower


2. Resonance-aware NLO matching 

3. Results


Mostly generic physics arguments, but specific 
implementation in Alaric in Sherpa 3
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Including NLO contributions

• Parton showers approximate soft/collinear emissions


• Genuine QFT corrections in hard region need to be incorporated order-by-
order through matching


• Anatomy of NLO calculation: Virtual ( ) and real ( ) correction to Born ( ) ME 
separately divergent, regulate in  dimensions, introduce IR subtraction ( ) and 
their integral ( )


• Defining  in  parton phase space requires arbitrary (!) kinematics map

V R B
d S

I

Sn n + 1

σ = ∫ dΦ(d)
n (Bn + Vn) + ∫ dΦ(d)

n+1Rn+1 = ∫ dΦ(4)
n (Bn + Vn + In) + ∫ dΦ(4)

n+1 (Rn+1 − Sn)
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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
øt

t

øb

g

W !

W +

b

CS! momenta

mapping

øt

t

øb

W !

W +

b

Figure 2 . Possible real correction conÞguration forW + W ! bøb production and Born conÞguration
of associated standard CS-dipole. The curved arrow on the right indicates the ßow 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 inÞnite, although their sum is Þnite for infrared safe observables. In order
to calculate such observables e! ciently, 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 Þnite. Focusing, for simplicity, on
the total cross section in a process with no initial state hadrons, we can write schematically

! NLO =
!

m

"
d! B + d ! V + d ! I #+

!

m+1

"
d! R ! d! S#

. (2.1)

Here
$

m d! I =
$

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

$
m indicates that the

phase-space integral corresponds tom Þnal-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, saye+ e! " W + W ! bøb. If the center-of-mass energy is greater than
the top pair threshold

#
s ! 2mt , this process is dominated by on-shelltøt-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 theøbg 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 Þnal-state momenta of the real correction to Born kinematics using the
algorithm in [23]. In the canonical method, the momenta of the emitter (theøb-quark) and
the spectator (the b-quark) are adjusted, while all other momenta remain the same. This

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

Ð 3 Ð

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 –

[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

÷K ÷pi

÷pk

!

n pi

pk"kT pj

K! "kT

FIG. 2: Sketch of the momentum mapping for Þnal-state evolution. See the main text for details. Note thatpk 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 identiÞed in [53]. It originates in a modiÞcation 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 Þnal-state
and initial-state radiation, which is inspired by the identiÞedÐparticle dipole subtraction algorithm in [72]. We will
provide the analytic proof of NLL safety in Sec. V A 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,{ ÷pl } ! { pl } . We identify the splitter
momentum, ÷pi , and deÞne a recoil momentum,÷K , 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 ÷K and ÷pi deÞne the reference
frame of the splitting, as shown schematically in Fig. 2 (left). The momentum of the color spectator, ÷pk , deÞnes an
additional direction, which provides the reference for the azimuthal angle,! . In the Þrst step of the mapping, the
emitter momentum is scaled by a factorz, and the emitted momentum, pj , is constructed with transverse momentum
component "kT and suitable light-cone momenta. The color spectator remains unchanged,pk = ÷pk . The recoil is
absorbed by the overall multipole, such that after the emission we haveK "= ÷K , while K 2 = ÷K 2. In particular,
the multipole after the emission acquires a transverse momentum with respect to÷K . 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 /

#
K 2, which vanish in the infrared limits. We will make use of this fact in Sec. V A.

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

pi
i || j
$! z ÷pi , pj

i || j
$! (1 $ z) ÷pi . (15)

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

z =
pi n

(pi + pj )n
. (16)

where n is an arbitrary auxiliary vector that satisÞes ÷pi n "= 0. Note that n can be either light-like, time-like or
space-like, as long as ÷pi n "= 0. In order to construct a collinear-safe momentum mapping for arbitrary values of the
two-particle virtuality pi pj , we can simply use the Þrst 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 deÞning
a vector ÷K to be a combination of the momenta{ ÷p1, . . . , ÷pµ

j ! 1, ÷pµ
j +1 , . . . , ÷pn } , and by using the shift

pi = z ÷pi , n = ÷K + (1 $ z) ÷pi , (17)

which implies pi + n = ÷pi + ÷K . The remaining task is to construct two new vectors,K and pj , such that K 2 = ÷K 2,
and such that pj satisÞes the collinear safety constraint, Eq. (15). The momenta in÷K are mapped to new momenta
by a Lorentz transformation that is deÞned in terms of ÷K 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

øn = n $
n2

2÷pi n
÷pi = ÷K $ $ ÷pi , where $ =

÷K 2

2÷pi ÷K
. (18)

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

colour spectator

splitter
other momenta ∑ ki

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 splitting: • After splitting:

[Catani, Seymour ’97]

[Höche, Herren, Krauss, 
Schönherr, DR ’26]
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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]

t̄

t

b̄

g

W�

W+

b

CS�momenta

mapping
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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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Subtraction based on Alaric kinematics

• Dedicated subtraction scheme based 
on Alaric kinematics and splitting 
functions


• Enables full MC@NLO matching in 
Sherpa (so far for color singlet beams) 
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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 ofe+ e! ! 2 jets at

"
s = 91.2 GeV, shown in Tab. I,

we Þnd excellent agreement, with about 0.8! 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 fore+ 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 0.7! .
Turning to more complicated processes, we compute total cross sections fore+ 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 Þnd agreement between the schemes at the level of about 1! 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 = M H

CS # 8.4á10! 4 0.03 á10! 5 6.31 á10! 5 0.07 á10! 5 # 7.8á10! 4 0.08 á10! 5 0.1!

ALARIC # 8.4á10! 4 0.03 á10! 5 6.36 á10! 5 0.07 á10! 5 # 7.8á10! 4 0.08 á10! 5 0.1!

CS-ALARIC (0.005± 0.011) á10! 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 Þnal state deÞnes 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 > (10 GeV)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 deÞned 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 1.85! . For the production of 5 jets, we observe agreement at
around 0.6! . These results conÞrm the robustness and consistency of the ALARIC subtraction scheme up to high jet
multiplicities.

In order to validate our implementation of the M C@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 A LARIC 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 " s/ # 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 Þgure
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 Þxed-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 Þnd 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 ßexibility in choosing the recoil system by calculating matched predictions for Higgs boson
decays to gluons in the Higgstrahlung production modee+ e! ! ZH , where we choose the Higgs as the recoil system.
Event shapes in this Þnal state have in the past been computed with quark-gluon discrimination at a potential future
lepton collider like the FCC in mind [90Ð96]. We correspondingly choose a center of mass energy of

"
s = 240 GeV
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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 massM H . In Fig. 7 we show the normalized distributions for the
Durham jet rate y23 (left) and thrust ! (right), calculated in the center of mass frame of the Higgs decay products,
at M C@NLO accuracy. We observe mild e! ects, at most of order 10%, in the region of large observable values where
Þxed order corrections are expected to be important. In the soft regions we observe no e! ects on the central values,
but a signiÞcant reduction in scale uncertainty, which is a consequence of the changes in the hard region by means of
parton-shower unitarity.

[Höche, Krauss, Meinzinger, DR ’26]

[Höche, Herren, Krauss, Schönherr, DR ’22]
[Höche, Assi ’23]
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Width-aware matching in Alaric

• As seen earlier, 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 topi , we Þnd

!
1

pi pj

2pi qi

(pi pj ) + ( pj qi )
+

! 2
t

E 2
j + ! 2

t

!
1

pi pj

2pi pk

(pi pj ) + ( pk pj )
"

1
pi pj

2pi qk

(pi pj ) + ( pj qk )

"

=
1

pi pj

#
2pi pk

(pi pj ) + ( pk pj )
+

E 2
j

E 2
j + ! 2

t

!
2pi qi

(pi pj ) + ( pj qi )
"

2pi pk

(pi pj ) + ( pk pj )

" $

+ O(vt ) .

(11)

Here we have also exploited an ambiguity in the threshold case. When both top quarks are nearly at rest, we Þnd
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A parton shower with similarly modiÞed evolution kernels was Þrst 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.
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The Þrst term in Eq. (14) can be obtained from the results in App. B by setting A = k.
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2 Note that the deÞnition of ! (z) in Eq. (13) corresponds to 1 ! ! (" ) in Ref. [38].

5

e+ e! ! W + W ! bøb, 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 ! bøb at
"

s = 365 GeV with renormal-
ization scale µR = mt = 172.5 GeV. For numerical stability, we require a Durham jet distance of y12 Q2 > 1 GeV2.

which agrees with Ref. [18]. For the Þnite term, we obtain the di! erence of two integrands of the type of App. B,
modulated by ! (z), which regulates the soft divergence. The result is Þnite in" and reads
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The z-integral for the "0 coe# cient can be performed analytically. The result is
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where r = 2pi qi /q 2
i . 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 Þrst phenomenological results based on the parton shower algo-
rithm described in Secs. II and III, the Þxed-order subtraction described in Sec. IV, and a matching of the two using
the S-MC@NLO technique [39Ð41].

We Þrst validate the correctness of the subtraction scheme by comparing inclusive cross-sections fore+ e! #
W + W ! bøb 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 deÞned
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 modiÞcation, for the resonance aware kinematics
with CS kernel as described in Sec. II and, Þnally, 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 Þrst test of the QCD radiation pattern in the width-aware parton shower, we study the rapidity of the Þrst
emitted particle in the Lund plane deÞned by theb and the øb quark

yg =
1
2

ln
pgpøb

pgpb
. (21)
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Here we have also exploited an ambiguity in the threshold case. When both top quarks are nearly at rest, we Þnd
pi qk = pi qi + O(vt ). The energy of the gluon,Ej , is evaluated in the rest frame of the top quarks,
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A parton shower with similarly modiÞed evolution kernels was Þrst 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.
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The Þrst term in Eq. (14) can be obtained from the results in App. B by setting A = k.
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2 Note that the deÞnition of ! (z) in Eq. (13) corresponds to 1 ! ! (" ) in Ref. [38].
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A parton shower with similarly modiÞed evolution kernels was Þrst 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.
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The Þrst term in Eq. (14) can be obtained from the results in App. B by setting A = k.
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2 Note that the deÞnition of ! (z) in Eq. (13) corresponds to 1 ! ! (" ) in Ref. [38].
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Outline

The rest of this talk:


1. A Width-aware Parton Shower


2. Resonance-aware NLO matching


3. Results 

Mostly generic physics arguments, but specific 
implementation in Alaric in Sherpa 3
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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 Þxed-order, leading order and next-to-leading order predictions, respectively. Left: Reconstructed
top-quark mass. Right: Gluon-jet rapidity.

with bt and øbøt dipoles, and one with abøb 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 identiÞcation of the Þnal
decay products of the top quarks, we focus on di-leptonic decays into di! erent leptons. SpeciÞcally, we let the the
W ! decay to µ! ø! µ and the W + to e+ ! e. The hadronic Þnal-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 oneb quark, and that those b quarks are of opposite
charge. This means that both b-jets can be combined with the correspondingW 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 wasy23 Q2

had > 1 GeV2. We Þrst 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
signiÞcant 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 theb-quark is assigned to the jet containing theøb quark and vice-versa.
The gluon-jet rapidity distribution conÞrms that indeed the Þrst two matching schemes predict signiÞcantly more
radiation in the central region, while the Þxed order result shows a marked depletion, consistent with the expectation
that, in most of the relevant phase space, bothb-quarks radiate gluons independently, rather than as a coherent
dipole. Only the width aware parton shower preserves this behavior after the matching.

We Þnally discuss a setup where the leptonic decays of theW bosons are taken into account. The left panel of
Fig. 3 shows the visible mass reconstructed fromµ! and the correspondingb-jet. The right panel shows the angular
separation between the gluon jet and theµ! . 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 Þxed order. The angular separation is otherwise una! ected by the matching, and the shape matches the Þxed
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

W+W−bb̄

b

[Höche, DR ’26]
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• Consider  production with fully 
leptonic decays


• Rapidity distribution of additional gluon 
jet


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


• Other showers produce coherent 
radiation from  at all energies, leading 
to strong enhancement 

W+W−bb̄
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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 Þxed-order, leading order and next-to-leading order predictions, respectively. Left: Reconstructed
top-quark mass. Right: Gluon-jet rapidity.

with bt and øbøt dipoles, and one with abøb 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 identiÞcation of the Þnal
decay products of the top quarks, we focus on di-leptonic decays into di! erent leptons. SpeciÞcally, we let the the
W ! decay to µ! ø! µ and the W + to e+ ! e. The hadronic Þnal-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 oneb quark, and that those b quarks are of opposite
charge. This means that both b-jets can be combined with the correspondingW 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 wasy23 Q2

had > 1 GeV2. We Þrst 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
signiÞcant 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 theb-quark is assigned to the jet containing theøb quark and vice-versa.
The gluon-jet rapidity distribution conÞrms that indeed the Þrst two matching schemes predict signiÞcantly more
radiation in the central region, while the Þxed order result shows a marked depletion, consistent with the expectation
that, in most of the relevant phase space, bothb-quarks radiate gluons independently, rather than as a coherent
dipole. Only the width aware parton shower preserves this behavior after the matching.

We Þnally discuss a setup where the leptonic decays of theW bosons are taken into account. The left panel of
Fig. 3 shows the visible mass reconstructed fromµ! and the correspondingb-jet. The right panel shows the angular
separation between the gluon jet and theµ! . 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 Þxed order. The angular separation is otherwise una! ected by the matching, and the shape matches the Þxed
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

[Höche, DR ’26]
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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
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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 Þxed-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 Þxed-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 Þts 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 simpliÞcation is insu" cient for several reasons. Firstly,
additional radiation can signiÞcantly 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 signiÞcantly 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 oftøt 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. ReÞnements in the strategy for resonance
identiÞcation will, however, be necessary for processes with competing resonances. Regarding the physics modeling
of color singlet tøt 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(! s/v t ) 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 Þxed order treatment of the top decays, and e! ects of QED radiation.

[Höche, DR ’26]
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Summary / Conclusion

• Challenges in keeping accuracy of simulations appropriate


• Width effects of internal particles 

• Resonance aware matching schemes 

• Width effects on coherence are crucial for accurate NLO matched simulation


• Next developments:


• Inclusion of non-relativistic effects


• Study of QED radiation


• LHC application of resonance aware matching for  


• i.e. general Alaric matching for hadron colliders


• Improvements in resonance selection

tt̄
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Resonance- and Width aware parton shower

• Consider  production with 
fully leptonic decays


• Angular separation between 
additional gluon jet and  decay 
product


• Flat with respect to NLO for all 
shower/matching variants, but 
significant differences in rate for 
additional jet
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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 Þxed-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 Þxed-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 Þts 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 simpliÞcation is insu" cient for several reasons. Firstly,
additional radiation can signiÞcantly 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 signiÞcantly 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 oftøt 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. ReÞnements in the strategy for resonance
identiÞcation will, however, be necessary for processes with competing resonances. Regarding the physics modeling
of color singlet tøt 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(! s/v t ) 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 Þxed order treatment of the top decays, and e! ects of QED radiation.
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