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• Direct top mass measurement: mtMC from decay sensitive sensitive 
observables

• How the parton shower affects the mtMC and hadronization:                
→ inclusive hemi. masses for boosted top pair production in e+e-

• Top mass parameter in NLO matched parton showers

• Factorization theorem for resonant boosted top pair production with 
semi-leptonic top decay 

• Conclusions & outlook
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Direct Top Mass Measurements

CMS arXiv:2403.01313

CMS collaboration. arXiv: 2302.01967

CMS PAS-FTR-16-006 (2017)

Δ mt ~ 200 MeV 
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Most precise single measurement
CMS, Run 2 data, 13 TeV 

q Lepton + jet final state

q Observables:  mt
reco , mW

reco, mbl
reco (anti-kT , R=0.4)   → kinematic sensitivity  

q Fitted parameters: mt
MC , JSF,  bJSF

Theory / MC setup

q POWHEG (v2, hvq)

q Pythia 8

q NNPDF3.1 

Alioli etal. 1002.2581, Frixione at al. 0709.2092 

CMS collaboration. arXiv: 2302.01967

o NLO+PS (production), LO+PS (decay)

o Narrow width limit (production/decay factorized)

o Breit-Wigner smeared top mass 

Measured top mass is the value of the MC top 
quark mass that fits the data best:

differential in the decay of the top quark



Int. Workshop on Soft-Collinear Effective Theory 2026, March 2-5 2026

What is mt
MC ? 

What does the question mean in the first place? 

→  It means that we can provide the relation
where δmscheme can be computed in pQCD to (at least) NLO 

To provide the NLO relation we would need for mt
reco , mW

reco, mbl
reco

:

1) full subleading order precision predictions at NLO+NLL  
2) understand how PS implementation affects mt

MC (universality?)
3) understand how matching affects mt

MC (… it shouldn’t)
4) understand hadronization  (← not discussed in this talk, see 2404.14380)

• Employed MCs (Pythia, Herwig) are based on the narrow width limit
• MC mass is the the mass of this top particle

But: Direct measurements are based on the picture of the kinematics of a top quark particle  

mt
MC is close to the top quark pole mass mt

pole

Without further theory insight we can state: 

<latexit sha1_base64="O+5bIS4aYJZHSMiJXoaPmcXiHgw="></latexit>

mMC
t = mpole

t +O(�t,⇤QCD)

→ Kinematic mass sensitivity for LHC observables implies that infrared effects dominate.  
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How the parton shower affects the top mass

Ø In a NLL precise parton shower the shower cutoff is not just a hadronization 
parameter, but elevated to the role of an infrared factorization scale.

Ø The cutoff-prescription and the cutoff scale Q0 affect the scheme of mt
MC and the 

scheme of hadronization.

There is an observable class where these aspects are fully understood and all 4 theory 
requirements mentioned before are met.  

Jet-mass based event-shape observables
in e+e- collisions for boosted top pair 
production in the dijet region:

→ 2-jettiness, thrust, fat jet mass …  (decay insensitive, global)

ü Accessible to NLL precise parton showers (e.g. angular-ordered PS in Herwig 7, 
PanScales, ALARIC) 

ü PS cutoff: Q0 =  pT,min of emission
ü Top decay (limitations of NW) and resonance aspects are irrelevant
ü Highly top mass sensitive in the peak region
ü Fully analytic factorization theorem available as theory benchmark for all simulation results
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Hemisphere mass distribution in e+e- → ttbar
→ Factorized cross section (uses SCET, bHQET): pert. ultra-collinear soft

(soft in top rest frame)

pert. large-angle soft

known at N3LL order 
Fleming, Mantry, Stewart, AHH (2007) 
Bachu, Mateu, Pathak, Stewart, AHH (2022) 

→ Coherent Branching algorithm (default Herwig shower): 
Bassetto, Ciafaloni, Marchesini (1983) 
Catani, Marchesini, Webber (1991) 

→ Both methods yield identical NLL results + analytic and simulated CB agree 
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Shower Cut Dependence of the Top Resonance
Dependence of the parton-level peak position from CB on the shower cut Q0

\
,
,

2404.09856
Plätzer, Samitz, AHH, 1807.06617

large-angle soft in the lab frame 
restricted to pT > Q0

soft in the top rest frame (ultra-collinear) 
restricted to pT > Q0
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Shower Cut Dependence of the Top Resonance
Dependence of the parton-level peak position from CB on the shower cut Q0

\
,
,

large-angle soft in the lab frame 
restricted to pT > Q0

Ø Linear Q0 dependence due to 
hemisphere constraint 

Ø to be compensated by Q0
dependent hadronization power
correction  

soft in the top rest frame (ultra-collinear) 
restricted to pT > Q0

2404.09856
Plätzer, Samitz, AHH, 1807.06617

Ø Inclusive: linear Q0 dependence 
from all virtual and real radiation 
cancels

Ø CB algorithm absorbs the self-
energy correction into the 
generator mass

\
,
,

300 – 350 MeV 1 
GeV < Q0  < 2 GeV 



Ø Universality of mt
shower(Q0): cshower = cx,shower ?

Ø Matching shall not destroy parton shower’s Q0-dependence

Ø Is the generator truly NLL for the observable of interest and the Q0-dependence? 

Ø …      NO FREE LUNCH!
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Program to fix the MC top mass parameter
One can now envision the following program to fix the scheme of the MC
top mass parameter:

→  Issues and questions to be taken care of:

1. Take your favorite NLL+NLO matched MC generator

2. Determine the linear shower-cutoff Q0-dependence of the observable

3. Determine which Q0-dependence is related to hadronization and which 
belongs to mt

MC

4. Use your favorite hadronization model that is shower cut compatible and 
provides the correct Q0-dependent hadronization corrections for the 
simulations Plätzer, Jin, Samitz, AHH 2404.09856

Fully independent first principles QCD (+EW) hadron level benchmark predictions for key 
observable classes should be provided as the basis for the program.   
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NLO-Matched Generators: State of the Art
POWHEG bb4l (-dl/sl)

q Full off-shell NLO

q resonance-aware matching, resonance histories, preserves resonance masses

q Hardest 1st emission generated by POWHEG with full NLO precision

q Any parton shower  

MC@NLO MoCaNLO

q Full off-shell NLO 

q resonance-aware matching, resonance histories, preserves resonance masses 

q PS subtractions to avoid double-counting

q Currently:

q Currently: Pythia

Denner etal. arXiv: 2602.22046

Jezo etal, arXiv: 1607.04538
Jezo etal. arXiv: 2307.15653

But we need at least: NLO-matched resonance-aware NLL showers 

Hamilton etal. arXiv: 2301.09645

q More straightforward in MC@NLO to maintain NLL precision and the 
correct shower cut dependence of the parton shower  
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NLO-matched parton showers

It is worth to discuss some basic properties of NLO-matched parton showers relevant 
for the discussion concerning mt

MC to understand the role and limitations of 
resonance-aware NLO-matched parton showers more clearly.

q Aren’t NLO-matched MC generator already resolving the issue of the mt
MC ?

q Do resonance-aware NLO-matched MC generators contain all resummed off-shell 
effects?

Structure of NLO differential cross section
All shown formulae on the next 2 slides 
are taken from Denner etal.
[arXiv:2602.22046] !

NLO-QCD virtual

NLO-QCD realsum over 
singular regions

Integrated singular 
subtraction B-mapped

local singular 
subtraction
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NLO-matched parton showers
MC@NLO basics

Philosophy: § Let the shower do what it is does. 

§ Correct the first emission to NLO accuracy. 

§ Ensure that total cross section is NLO accurate

Standard events:

Hard events:

Born-like configurations with NLO-corrected weights

Real emission configurations containing the NLO contribution missing in the shower

Shower counterterm:

actual shower contribution 
without shower cut

NLO subtraction (because the shower contribution does in 
general not provide the correct singular limits)!

weight function: approaches 1
in the truly singular region
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NLO-matched parton showers

arXiv: 2004.12915

Take-aways:  (valid for MC@NLO and POWHEG)

o Shower cut dependence it not modified by the 
matching.

o Matching only affects hard radiation events: 
Observables dominated by the shower are not 
NLO improved    

o Care has to be taken that the shower really has 
NLO precision and carries a shower cutoff Q0
dependence that is consistent with QCD for the 
observable considered.

o Ideal situation:   

• NLO-matched MCs do not fix the scheme of the MC top 
mass parameter for the direct measurements as the 
observables are dominated by the soft/collinear IR dynamics.

• NLO-matched MCs tie the MC to the scheme adopted in the 
NLO calculation for observables dominated by NLO 
calculation, e.g. σtot ⇒ low precision 
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NLO-matched parton showers
Resonance-aware matching (MC@NLO)

Standard events Hard events

Each phase space point is 
assigned probabilities to belong to 

each one of the possible 
resonance/emission patterns

Shower counter terms 
constructed from 

resonance/emission 
patterns

Production and decay stage showers are 
independent and do not interfere       

→ amplitude evolution  (Forshaw, Platzer,…)
Beyond NLO the interference of production and 
decay stage radiation cannot be not accounted for.

→ Does neglecting this interference miss linear Q0-dependence or affect mt
MC ?

We assume for simplicity only one color line and one colored resonance.
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New benchmark factorization theorem 
We need a benchmark hadron-level QCD calculation for a differential cross section that is

Ø highly top mass sensitive 

Ø top decay sensitive

Ø accounts for off-shell top quarks incl. production/decay interference

Ø resums all large logarithms

Ø provides first principles description of leading linear hadronization effects 

• Boosted  top-antitop production
• semileptonic top quark decay, antitop inclusive
• b-jet: all hadrons in top-hemisphere 
• Measurement of hemisphere masses       and         

Double resonant kinematics i.e.

@ hadron level

Regner, AHH, 2507.17672

Analytic backbone for scrutinizing the MC simulations 
and study the missing interference effects. 
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Including Semileptonic Top Quark Decay 

• X constructed from lepton and b-jet momenta 
• Hierarchy of scales

Four distinct QCD radiation modes (no interference)

• ultracollinear radiation (top)

• large-angle soft radiation

• hard-collinear radiation (b-jet)

• ultracollinear radiation (antitop)

• Endpoint region: 

@ hadron level

Regner, AHH, 2507.17672

contribute to b-jet



• Merges dijet and inclusive semileptonic meson decay factorization

• “Fermi-motion” of decaying top fixed by hemisphere mass measurement

• Leading power hadronization effects & summation of large logs (Q, mt, Γt)
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Global context of the new factorization formula
Inclusive dijet factorization (top resonance) 

Inclusive semileptonic B-decay (endpoint region)

Semileptonic decay of boosted resonant top (endpoint) 
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Factorization Modes

→  Separation of modes in QFT

• Soft-Collinear Effective Theory – SCET   (hard-colinear and soft)

• Boosted Heavy Quark Effective Theory – bHQET (ultra-collinear)

Regner, AHH, 2507.17672
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The Ultra-Collinear-Soft-Function

• Depends on
→ dependence on frame-dependent b-jet emission angle

Describes coherent soft radiation in boosted top‘s rest frame

• Gauge invariant

• Non-local matrix element 

• Can be computed perturbatively 

• Sensitive to top production, propagation and decay
→ contains all non-factorizable contributions

(b-jet direction)

shape-function
type diagrams 
(but off-shell)

Regner, AHH, 2507.17672

→ cannot be written as a forward scattering matrix clement

gauge 
cancellations
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Narrow width limit of the ucs function
Carmann, AHH, to appear

In the NW limit the ucs function can be factorized into the partonic shape 
function know from inclusive semileptonic B decays and a differential bHQET jet 
function concerning the gluonic plus-momentum w.r. to the b-jet direction.

Factorization relies on treating production and decay state radiation incoherently 
and thus implements the factorized treatment of state-of-the-art parton showers.

We will be able to analytically quantify the of the resumed interference effects 
w.r. to their size and infrared sensitivity. 
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Hadronization effects, renormalization, RG
The large-angle soft momenta contribute to

hemisphere mass  &  b-jet momentum

This implies an entangled and angle dependent form of the convolution 

involving the large-angle soft radiation function for the top hemisphere.

• The hadronization corrections from the hemisphere soft function Shemi modify the 
hemisphere mass Mt and the b-jet momentum

• ucs function known at NLO. All other FO ingredients are known to at least 2 loops, 
all anomalous dimensions to 3 loops.

• Consistency condition connects ZSucs to Zshapefct and ZJBt but in a more involved 
entangled convolution.

• RG evolution factors known at N3LL but enter in a non-standard way in cross section 
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First Numerical Results 
• Resummation of logarithms and implementation of hadronization effects are very 

involved due to complexity of the convolutions.

→ NLO fixed-order results for the b-jet lepton invariant mass 

• Resummation of large logarithms is not yet included, but essential
• NLO effects in the endpoint regions due to corrections of the hemisphere 

resonance mass and the b-jet mass.   

large logs

Regner, AHH, 2507.17672



• The is a concrete program to resolve the MC top quark mass problem and elevate it to a 
well-defined top mass renormalization scheme. Concrete results already exist, which, 
however, cannot be applied yet to LHC direct measurements based on available MCs.

• Needed: NLO matched MC event generators with NLL precise parton shower
• The program is not a free lunch and tied to ongoing work on NLL precise MC generators 

elevating them from ‘models’ to true QCD computational tools.
• Core conceptual aspect:  Parton shower cutoff is elevated from a hadronization 

parameter to an IR factorization scale:

• Observable universality is a key question to be answered.
• Fixing scheme of mt

MC implies in parallel to also fix scheme scheme of hadronization 
→ exact hadronization effects from MCs in a well-defined manner

• Need: NLL MCs with parton shower that are resonance-aware NLO matched, but there 
are some limitations do to missing soft production/decay state interference effects.

• In the program concrete benchmark hadron-level, analytic, off-shell, resumed and top 
decay sensitive QCD predictions are needed as a backbone of the MC/PS studies:
→ new factorization theorem for e+e- collision for off-shell semileptonic top decays
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Conclusions and Outlook
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Global context of the new factorization formula
Inclusive dijet factorization (top resonance) 

Inclusive semileptonic B-decay (endpoint region)

Inclusive semileptonic B-decay (endpoint region)
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Ultra-Collinear Soft Funktiion at NLO

Regner, AHH, 2507.17672


