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⊕ High top mass 
sensitivity
⊖ Precision of MC ?
⊖ Meaning of mt

MC ? 
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Most Precise Top Mass Measurements Method
LHC+Tevatron: Direct top mass measurements  

kinematic mass 
determination

Δ mt ~ 200 MeV (projection)

Determination of 
the best-fit value of 

the Monte-Carlo 
top quark mass 

parameter
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mMC
t = 171.77± 0.37 GeV

CMS collaboration. arXiv: 2302.01967

based on the 
picture of a top 
quark particle

→ talk by Mark Owen
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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

<latexit sha1_base64="aGmvjzONclGann7NCeYwuHfaAow="></latexit>

mMC
t = mscheme

t (µ) +
↵s(µ)

⇡
�mscheme + . . .

→ The “MC top mass scheme”

The issue is messy as we must understand and control the interplay of the 
components of MC event generators.

• Defined in pQCD

• Controlled at the observable hadron level.
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Approaches to remedy the mt
MC problem

• Indirect top quark mass measurements → ATLAS/CMS  

• ‘Hadron’ level analytic predictions for top mass determinations (ongoing work)

• This talk is about work to truly understand and control the 
MC top quark mass parameter mt

MC →  Improve MCs so that direct measurements
can (eventually) be interpreted reliably.

• Unfold data to parton level top-anti top on-shell particle distributions (e.g. mtt) to be 
compared to N(N)LO fixed order calculations for on-shell top quarks  

• MC modelling aspects now contained in the hadron-to-parton unfolding carried out with 
the MC generator  (no “theory of unfolding”)

• Uncertainties not yet as small as for direct determinations as observables are of more 
inclusive character

e.g. arXiv:2403.01313

• Fat top jets with soft drop grooming
→ MPI currently provides a practical limitation for LHC

• Energy correlators
→ new type of top mass sensitivity related to decay

opening angle 

Mantry, Pathak, Stewart (2017) 
Mantry, Pathak, Stewart (2019) 

Holguin, Moult, Pathak, Procura (2022) 
Holguin, Moult, Pathak, Procura, 
Schöfbeck (2023) 

→ talk by Oleksandr Zanaiev
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What is mt
MC ?

There are 4 essential ingredients to address the problem from first principles: 

(A) Understanding of top    
as a quantum state

→ beyond the picture of 
a top particle

(B) Hadron level analytic 
QCD predictions

(C) NLL precise MC 
parton shower

(D) Factorization compatible 
MC hadronization model

Is there an observable where all 4 ingredients are known ? 

Yes:       Event-shape observables in e+e- collisions
for boosted top pair production:

(builds on sequence of work since 2007)

2-jettiness, thrust, …

Aim of this talk: • Discuss interplay of (A) – (D) provide conceptual and practical basis to 
determine and control mt

MC for MC event generators
• (A) – (C) from previous work.  New development for (D) 
• Explicit realization for e+e- event-shape top resonance distribution 

(e.g. 2-jettiness)
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(A) Beyond the picture of a top particle
If we stick to the picture of a physical top particle the only mass that is ever 
relevant is the pole mass = pole of the top propagator. 

For boosted top quarks the effects of QCD and electroweak radiation (incl. top decay) associated to the 
top direction can be described by a QCD+electroweak Wilson line, which generalizes the top particle 
picture in a process-independent way.

• Wilson line contains ultra-collinear gluons, soft in top rest frame (+ top decay)
• Describes coherent (collinear) gauge-invariant coherent off-shell (top decay 

products)+gluon states → ”top state” defined by measurement
• Allows for gauge-invariant treatment of IR cutoff dependence for off-shell top

→ IR cutoff of parton calculation 
= resolution scale defining the asymptotic ”top state”

<latexit sha1_base64="OHx/JWXQVNwxGqrilG0nFwNYjIw=">AAACAXicbVDLSsNAFL3xWesr6kZwM1gEVyUpvpZFNy4r9AVNDZPppB06mYSZiVBC3fgrblwo4ta/cOffOG2z0NYDl3s4515m7gkSzpR2nG9raXlldW29sFHc3Nre2bX39psqTiWhDRLzWLYDrChngjY005y2E0lxFHDaCoY3E7/1QKVisajrUUK7Ee4LFjKCtZF8+9ALJSZZ5Ov7yjhL/LppHufI9e2SU3amQIvEzUkJctR8+8vrxSSNqNCEY6U6rpPoboalZoTTcdFLFU0wGeI+7RgqcERVN5teMEYnRumhMJamhEZT9fdGhiOlRlFgJiOsB2rem4j/eZ1Uh1fdjIkk1VSQ2UNhypGO0SQO1GOSEs1HhmAimfkrIgNsItEmtKIJwZ0/eZE0K2X3onx+d1aqXudxFOAIjuEUXLiEKtxCDRpA4BGe4RXerCfrxXq3PmajS1a+cwB/YH3+APiNlpU=</latexit>

m2
t

p2T
⌧ 1
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 t(x) ! Jt(x) = W †(x) t(x)
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(B) Boosted top eventshapes

⌧ = 1�max~n

P
i |~n · ~pi|

Q
⌧!0⇡ M2

1 + M2
2

Q2

Insensitive to details of top decay

Hadron level:

Parton cross section Shape function 

<latexit sha1_base64="8ay+z3p1wZ36COYXPJOp5SRCysE=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgKiTiayMURXDZgn1AG8JkOmmHziRhZlIooX/ixoUibv0Td/6N0zYLrR64cDjnXu69J0w5U9p1v6zSyura+kZ5s7K1vbO7Z+8ftFSSSUKbJOGJ7IRYUc5i2tRMc9pJJcUi5LQdju5mfntMpWJJ/KgnKfUFHsQsYgRrIwW23UA36D7Ie1Ig4ghnGthV13HnQH+JV5AqFKgH9mevn5BM0FgTjpXqem6q/RxLzQin00ovUzTFZIQHtGtojAVVfj6/fIpOjNJHUSJNxRrN1Z8TORZKTURoOgXWQ7XszcT/vG6mo2s/Z3GaaRqTxaIo40gnaBYD6jNJieYTQzCRzNyKyBBLTLQJq2JC8JZf/ktaZ4536Vw0zqu12yKOMhzBMZyCB1dQgweoQxMIjOEJXuDVyq1n6816X7SWrGLmEH7B+vgGddeSRg==</latexit>

Q = Ec.m.
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Q = Ec.m.

• Smod leading nonperturbative corrections only from large-angle soft radiation: 
linear sensitive to ΛQCD

• Any top mass renormalization scheme can be implemented
• Can be calculated with a finite IR cutoff Q0 for the parton cross section
• IR cutoff Q0 = factorization scale for parton-level vs. hadronization corrections

<latexit sha1_base64="7OMioZgXyNhqXe7vZ4LEbDo4AFU=">AAACB3icbZDLSgMxFIYzXmu9VV0KEiyCIJQZ8bYRim5cVrAXaMchk8m0ocnMkJwRytCdG1/FjQtF3PoK7nwb03YW2vpD4OM/5yQ5v58IrsG2v625+YXFpeXCSnF1bX1js7S13dBxqiir01jEquUTzQSPWB04CNZKFCPSF6zp969H9eYDU5rH0R0MEuZK0o14yCkBY3mlPenBfdZREiexYEN8iSU+wp2ACSAGvVLZrthj4VlwciijXDWv9NUJYppKFgEVROu2YyfgZkQBp+b+YifVLCG0T7qsbTAikmk3G+8xxAfGCXAYK3MiwGP390RGpNYD6ZtOSaCnp2sj879aO4Xwws14lKTAIjp5KEwFhhiPQsEBV4yCGBggVHHzV0x7RBEKJrqiCcGZXnkWGscV56xyentSrl7lcRTQLtpHh8hB56iKblAN1RFFj+gZvaI368l6sd6tj0nrnJXP7KA/sj5/ALFDl+o=</latexit>

mpole
t = m+ �m

▶ Defines scheme for Smod (large-angle soft radiation): Smod(l) → Smod(l,Q0) 
▶ Defines scheme for parton distribution: <latexit sha1_base64="+0V3nUCYLtvtzk0UgdYixFIbUvM=">AAACPHichVBNSwMxEM36WetX1aOXYBEUlrIrRT0WvXi0aK3QLWU2zbbBZHdJZoWy9Id58Ud48+TFgyJePZvWHtQKPkh4efOGybwwlcKg5z06M7Nz8wuLhaXi8srq2nppY/PKJJlmvMESmejrEAyXIuYNFCj5dao5qFDyZnhzOqo3b7k2IokvcZDytoJeLCLBAK3UKV0EkQaWd4M+YGBET8HQPhCy4d7oduuu2qeBG2ASuPR/r1vvePudUtmreGPQaeJPSJlMcN4pPQTdhGWKx8gkGNPyvRTbOWgUTPJhMcgMT4HdQI+3LI1BcdPOx8sP6a5VujRKtD0x0rH6vSMHZcxAhdapAPvmd20k/lVrZRgdt3MRpxnymH0NijJJMaGjJGlXaM5QDiwBpoX9K2V9sAmhzbtoQ/B/rzxNrg4q/mGlWq+WayeTOApkm+yQPeKTI1IjZ+ScNAgjd+SJvJBX5955dt6c9y/rjDPp2SI/4Hx8Asgarl8=</latexit>

d�̂

d⌧
(⌧, Q,m) ! d�̂

d⌧
(⌧, Q,m,Q0)
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Q = Ec.m.

• IR cutoff Q0 = factorization scale for parton-level vs. hadronization corrections

▶ Modifies pole of top propagator away from mt
pole : (ultra-collinear radiation)

mt
pole → mt(Q0)  =  mt

pole - δm(Q0),      δm(Q0)  ~ αs(Q0) Q0

▶ Peak position: 

<latexit sha1_base64="swZysga9tsXp+SGWmAAKEhRI42Y="></latexit>

d

d lnQ0
⌧partonpeak (Q0) =

CF↵s(Q0)

4⇡

Q0

Q


16� 8⇡

mt

Q

�
For                       : 

<latexit sha1_base64="ajNNC/zq25eV3j6XZ38RGdxqy6o=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyWRoq6k6MZlC/YBTQyT6aQdOpmJMxOhhOLGX3HjQhG3foU7/8Zpm4W2HrhwOOde7r0nTBhV2nG+rcLS8srqWnG9tLG5tb1j7+61lEglJk0smJCdECnCKCdNTTUjnUQSFIeMtMPh9cRvPxCpqOC3epQQP0Z9TiOKkTZSYB/cB15CZHKXeTKGfZYKPoaXsBE4gV12Ks4UcJG4OSmDHPXA/vJ6Aqcx4RozpFTXdRLtZ0hqihkZl7xUkQThIeqTrqEcxUT52fSFMTw2Sg9GQpriGk7V3xMZipUaxaHpjJEeqHlvIv7ndVMdXfgZ5UmqCcezRVHKoBZwkgfsUUmwZiNDEJbU3ArxAEmEtUmtZEJw519eJK3TintWqTaq5dpVHkcRHIIjcAJccA5q4AbUQRNg8AiewSt4s56sF+vd+pi1Fqx8Zh/8gfX5A2HRlsU=</latexit>

qgluon? > Q0

→ top mass
Large-angle soft
→ hadronization



LHC Top WG Meeting, April 24-26 2024

(C) Angular ordered parton shower (Herwig)
→ Coherent Branching algorithm (default Herwig shower): Dokshitzer, Fadin, Khoze (1982) 

Bassetto, Ciafaloni, Marchesini (1983) 
Catani, Marchesini, Webber (1991) 

→  jet mass distribution (inv. mass generated from CB from one boosted quark)

Gieseke, Stephens, Webber  (2003) 

<latexit sha1_base64="qLGs3dcLHOzKy2y2oRUpTI3HhQk="></latexit>

evolution variables: z , q̃ =
q2?

z2(1� z)2

probabilities from 
splitting functions and 
Sudakov form factors
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(C) Angular ordered parton shower (Herwig)
Partonic level cross section

• Agrees exactly with partonic cross section obtained from analytic factorized 
calculations at NLL!

• CB is NLL precise for inclusive event shapes.
• For vanishing IR cutoff:  CB mass parameter mt

CB = mt
pole

Catani, Trentadue, Turnock Webber (1993) 

AHH, Plätzer, Samitz (2018) 

BUT: Parton showers in MC generators have an IR 
cutoff to prevent infinite multiplicities  <latexit sha1_base64="oPPrQxTJHU+DXuKiSh5mxXAVGXc=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr5MEvXhMwDwgWZbZSW8yZHZ2MjMbCCHf4cWDIl79GG/+jZNkD5pY0FBUddPdFUrOtHHdbye3tr6xuZXfLuzs7u0fFA+PGjpJFYU6TXiiWiHRwJmAumGGQ0sqIHHIoRkOHmZ+cwRKs0Q8mbEEPyY9wSJGibGSPww6EpTEd7gWuEGx5JbdOfAq8TJSQhmqQfGr001oGoMwlBOt254rjT8hyjDKYVropBokoQPSg7algsSg/cn86Ck+s0oXR4myJQyeq78nJiTWehyHtjMmpq+XvZn4n9dOTXTrT5iQqQFBF4uilGOT4FkCuMsUUMPHlhCqmL0V0z5RhBqbU8GG4C2/vEoaF2XvunxVuyxV7rM48ugEnaJz5KEbVEGPqIrqiKIhekav6M0ZOS/Ou/OxaM052cwx+gPn8wd+kZFH</latexit>

q? > Q0

• Linear dependence on Q0 from large-angle soft and ultracollinear radiation
• Matches analogous calculations for analytic calculations
• Realized accurately by Herwig’s shower

mCB
t (Q0) = mpole

t �
2

3
Q0↵s(Q0) +O(↵s(Q0)

2)
<latexit sha1_base64="NdFSQhoIebJApahsZmMRwa6fmoY="></latexit>

mCB
t (Q0) = mMSR

t (Q0)�
2

3

✓
1�

2

⇡

◆
Q0↵s(Q0) +O(↵2

s(Q0))
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(C) Angular ordered parton shower (Herwig)
Peak position of                    M⌧ =

Q2⌧2
2mt

(Q = Ecm)

☐ Herwig

Analytic QCD 
(top quark)

Analytic QCD 
(massless quark)

• Herwig parton level simulations in 
full agreement with analytic 
calculations 

• Change of Q0:
Physical predictions should remain
unchanged: Q0-invariance

Parton level analysis (no hadronization corrections

▶ hadronization model is retuned (Q0 dependent tune)
▶ generator mass is interpreted as mt

CB(Q0)How well does a hadronization 
model satisfy this criterium?

AHH, Plätzer, Samitz (2018) 

<latexit sha1_base64="eKA235ikBdyQgMOUakhA6HL+tJk="></latexit>

d

dQ0
⌧peak(Q0) =

CF↵s(Q0)

4⇡

Q0

Q


16� 8⇡

mt

Q

�
fixed value for mt)
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• Shower-cutoff scale Q0 = one of many hadronization model parameters

Standard shower cut treatment for all MC generators:

BUT: To gain control over the shower’s top mass parameter:

• The shower-cutoff scale Q0 must be promoted to a factorization scale, 
such that hadron level descriptions are shower-cut independent.

• The parton-level to hadron-level migration matrix must behave like a 
shape function!  

Migration matrix should have the property
<latexit sha1_base64="68vBJzEdsoMMaF3MmXqXyAuLBI8="></latexit>

T (⌧, ⌧̂ , {Q,Q0}) = T (⌧ � ⌧̂)

<latexit sha1_base64="rd1PRrIDzuajzV3ytZlWea61+k8="></latexit>

T

✓
k

Q
= ⌧ � ⌧̂ ,

k0

Q
= ⌧̂ , {Q,Q0}

◆

Transfer matrix should have this form:

Plätzer arXiv:2204.06956

AHH, Jin, Plätzer, Samitz
arXiv:2404.09856

(D) Factorization compatible hadronization model



LHC Top WG Meeting, April 24-26 2024

Description of observables at hadron level not 
quite shower-cutoff independent (Thrust at Q=Mz)

Q0 = ( 1.00, 1.25, 1.50, 1.75 ) GeV

Peak region hadronization 
inconsistent with QCD 
factorization! 

(D) Factorization compatible hadronization model

But it actually looks like this:

Tunes generated to LEP Z-pole 
data where the shower cutoff Q0
has a fixed value

<latexit sha1_base64="rd1PRrIDzuajzV3ytZlWea61+k8="></latexit>

T

✓
k

Q
= ⌧ � ⌧̂ ,

k0

Q
= ⌧̂ , {Q,Q0}

◆

migration matrix should have this form:

AHH, Jin, Plätzer, Samitz
arXiv:2404.09856

(Reference data for tune: Simulation for Q0=1.25 GeV) 
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Include top “pseudo” 2-jettiness data into the standard tuning data set:

• Also tune the top mass parameter mt
MC for different Q0 values 

(to top pseudo data generated for Q0=1.25 GeV

Q0 dependence expected if 
hadronization model would 

be consistent with QCD 
factorization 

Default Herwig hadronization model modifies mt
MC in an unphysical way 

incompatible with QCD factorization: uncertainty  ~ 0.5 GeV  

→       mt
Herwig(Q0) ≠ mt

CB(Q0)

preliminary

AHH, Jin. Plätzer, Samitz  to appear

(D) Factorization compatible hadronization model

for the default hadronization model 
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Modified cluster hadronization that mimics aspects of parton shower dynamics:
AHH, Jin. Plätzer, Samitz to appear

(D) Factorization compatible hadronization model

Forced gluon splitting:

Forced gluon splitting:• Dynamical gluon mass distribution 
(from g → qq splitting)

• Kinematics in analogy to parton shower • Cluster splitting from branching q → q g and 
splitting g → qq

• Kinematics in analogy to the parton shower

Cluster = color connected 
quark-antiquark pair

Model parameters can consistently 
adapt to changes of Q0
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Migration function much better consistent with 
QCD factorization

Observables much 
less dependent on Qo

Tunes mt
MC fully consistent with expectations 

from analytic QCD calculation

( “pseudo data” generated for Q0=1.25 GeV )

Q0 dependence 
of mt

CB(Q0)

⇒ mt
Herwig(Q0) = mt

CB(Q0)  

within a precision of better than 50 MeV 

preliminary

AHH, Jin. Plätzer, Samitz to appear

(D) Factorization compatible hadronization model
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Old Default Model vs. New Dynamical Model 

Shower cutoff dependence of tuned MC top quark mass to reference data 
including top quark 2-jettiness distributions at 700 and/or 1000 GeV

Q0 dependence 
expected from 
mt

CB(Q0)

AHH, Jin. Plätzer, Samitz to appear

preliminary

Agreement of mt
MC with mt

CB(Q0) 
within 50 MeV !
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Old Default Model vs. New Dynamical Model 

Shower cutoff dependence of first moment of migration matrix from 
simulations for 2-jettiness  → ”MC scheme for hadronization correction“

AHH, Jin. Plätzer, Samitz to appear

preliminary
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Old Default Model vs. New Dynamical Model 

Cross check: apply top mass calibration to determine mt
CB(Q0)

AHH, Jin. Plätzer, Samitz to appear

preliminary

Default: mt
MC incompatible with mt

CB(Q0)

hadronization model adds unphysical 
contributions to the relation mt

MC = mt
CB(Q0)

Dynamical: mt
MC compatible with mt

CB(Q0)

hadronization does not affect the relation 
mt

MC = mt
CB(Q0)



• Universality of the current insights

• Progress to generalize the current results will take some more years of work
because many new theory tools need to be developed (→ e.g. differential in top decay)

• Future plans:   ▶ investigate dipole shower, string hadronization (Pythia) 
▶ universality: observables differential in top decay (→ e.g. Mb-jet lepton)
▶ final aim: b-jets with small jet radius  
▶ establish a mt

MC verification tool box
▶ theory of “unfolding” → relevant for indirect mt measurements 

• LHC: MPI and UE hadronization models still need to be better understood
from the QCD perspective as long as b 
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Final remarks and Outlook

• So far we have all theoretical ingredients to interpret mt
MC only for e+e- eventshape

distributions and the Herwig MC generator (coherent branching + cluster hadronization)
• MC generators do not have the same precision for all observables

→  The MC top mass parameter mt
MC can be promoted to a renormalization scheme

and its NLO relation to any other top mass renormalization scheme can be calculated. 

→ mt
MC = mt

CB(Q0)

→  Key aspect: Parton shower cutoff Q0 = Factorization scale separating pQCD and npQCD
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Blueprint to elevate mt
MC to a mass scheme

What does the question mean in the first place? 

→ It means that we can provide the relation 

There are 4 essential ingredients to address the problem from first principles: 

Understanding of top 
as a quantum state

Hadron level analytic 
QCD predictions

Factorization 
compatible MC 

hadronization model

• Abandon top as on-
shell asymptotic state 
(“top particle”)
• Beyond narrow-width 

limit (top = top decay 
final states)
• Top has color and 

needs additional gluons 
to become observable
• Observable top state = 

coherent top+gluon 
(color singlet) state  

• NLL precise analytic 
QCD perturbative 
prediction 
• First principles 

treatment of 
hadronization 
corrections
• NLO control over IR 

factorization scale for 
perturb. and non-pert. 
effects
• Analytic control of 

shower cut Q0
dependence

• Shower cutoff Q0 is not 
treated as a tuning 
variable, but as 
factorization scale
• Hadronization model 

has to respond to 
different choices of Q0 
to compensate for 
changes of Q0 in the 
parton shower.
• Should not provide 

“nonperturbative 
corrections” to mt

MC

<latexit sha1_base64="aGmvjzONclGann7NCeYwuHfaAow="></latexit>

mMC
t = mscheme

t (µ) +
↵s(µ)

⇡
�mscheme + . . .

NLL precise MC 
parton shower

• NLL precision needed 
to achieve NLO 
accurate definition of 
mt

MC

• Analytic NLO precision 
concerning the IR cutoff 
Q0 of the parton shower 
evolution
• Shower cutoff Q0 = an 

IR factorization scale  
• Parton shower 

determines the 
meaning of mt

MC(Q0)
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Old Default Model vs. New Dynamical Model 

Shower cutoff Q0 minimal χ2-values obtained in the tuning fits

AHH, Jin. Plätzer, Samitz to appear

preliminary
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Old Default Model vs. New Dynamical Model 
AHH, Jin, Plätzer, 
Samitz
arXiv:2404.09856Default 

model

Dynamical 
model

Tuned parameters for Q0-dependent tuning analyses (apart from mt
MC)
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Factorization compatible hadronization model

Particle Physics Seminar, INFN Frascati, October 4, 2023

Factorization compatible hadronization model
AHH, Jin. Plätzer, Samitz to appear
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Factorization compatible hadronization model
AHH, Jin. Plätzer, Samitz  to appear


