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•  Status and prospects of most precise experimental top mass 

determinations 

•  Reminder why the issue is non-trivial / controversial                              
      Physical meaning of top quark mass schemes. 

•  Top mass calibration limitations 

•  Analysis of shower cut Q0 in angular ordered parton showers 
 
•  Conclusions and outlook 
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Status of Top Mass Measurements 

mtop wanted !   Aims: 

•  Reduce error in mtop(MC) 
•  Clarify mass scheme mtop(MC)  
•  Improve / understand better MC 
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Status of Top Mass Measurements 

•  Most precise measurements from direct reconstruction  (uncertainties < 1 GeV): 
          →   mt

MC measurements 

Will constitute the most precise 
method during the whole of the 

LHC era! 
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Direct Measurement 

⊕ High top mass 
    sensitivity 
⊕ Mass closely related to 
   pole of top propagator 
 
⊖ Precision of MC ? 
⊖ Meaning of mt

MC ?  

Most precise method:  Direct Reconstruction  kinematic mass 
determination 

Δ mt ~ 200 MeV  
(HL-LHC projection) 

Determination of 
the best-fit value of 

the Monte-Carlo 
top quark mass 
parameter mt

MC 

mMC
t = 174.34± 0.64 (Tevatron final, 2014)

mMC
t = 172.44± 0.49 (CMS Run-1 final, 2015)

mMC
t = 172.84± 0.70 (ATLAS Run-1 final, 2016)
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Why is there an issue? 

Quantum Field Theory:  Particles:  Field-valued operators made from 
creation and annihilation operators 

Lagrangian operators constructed using 
correspondence principle 

Classic action:            is the rest mass 

Classic particle poles at 
tree-level only!   

No other mass concept exists at the classic level. 
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Heavy Quark Mass Schemes 

Renormalization:  UV-divergences in quantum corrections 

Fields, couplings, masses in classic action are bare quantities that need 
to be renormalized to have (any) physical relevance 

+ 

One has to absorb the UV divergence into the mass parameter, which causes 
the mass parameter to be scheme-dependent.   

All mass schemes are related through a perturbative series. 

A good scheme choice is one that gives systematically (not accidentally) good 
convergence. But there are almost always class of schemes one can use. 

Experimental precision is so high that theoretical calculations 
must include higher order quantum corrections. 
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Heavy Quark Mass Schemes 
Common Mass Renormalization Schemes:  

Pole mass:  mass = closest to concept of a classic rest mass 

MS mass:  

But very infrared sensitive: has ambiguity of 250 MeV ! 

Input for studies of SM vacuum stability. No ambiguity. 

MSR mass:  mMSR(R) = mpole � ⌃fin(R,R, µ)
for R < m

Interpolates between MSbar and pole mass. No ambibuity for R > ΛQCD 

mMSR

t (R = 0) = mpole

mMSR
t (R = m(m)) = m(m)

Problem: Pretends that virtual and real radiation can be distinguished to zero momentum.  

Makes no explicit assumption about resolution scale of real radiation, 
but technicallly the resolution scale is µ ≳ m. 

(Formal only, because R < ΛQCD 
impossible due to Landau pole) 
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Heavy Quark Mass Schemes 

Pole mass contains 
contributions down to 

zero momentum.  

→ Ambiguity 

Short-distance masses contains 
contributions down to momentum 

R>ΛQCD   

→ No ambiguity 

Origin of 
renormalon 
ambiguity 

Perturbative self-energy 
corrections absorbed into 

the mass parameter 
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Why is there an issue? 
Which scheme is used by Monte-Carlo event generators?  

Scheme is fixed by the structure and the 
theoretical precision of the parton shower.  

a)  Parton showers are working in the approximation of a stable top quark. 
(Narrow width approximation) 

b)  Parton showers are not uniformly precise for all observables. (They are not 
fully next-to-leading order precise for all observables even with NLO 
matching.) 

c)  The shower cutoff Q0 treats all radiation below as unresolved.  

1)  Hard matrix elements 

2)  Parton shower 

3)  Hadronization Model 

But:  

Quark mass scheme encodes the amount of unresolved radiation surrounding the 
heavy quark in your calculations.  Pole mass assumes all radiation is resolved.  

Parton shower describes all radiation explicitly: mt
MC must be close to mt

pole ! 
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Why is there an issue? 

It has been argued in the past that mt
MC  is the pole mass.  

But without any systematic study of what the quantum structure of parton showers and 
MC event generators is, the only conservative (= absolutely save and undisputable) 
statement one can make is that the MC top mass parameter agrees with the pole mass 
within an theoretical uncertainty of size of the top quark width:    

But we want and need much more precision than that !  

Which scheme is used by Monte-Carlo event generators?  

To this precision one can consider the top quark a well defined “top particle” and its 
“physical mass” is mt

MC.  

To get a better understanding of mt
MC we have to better understand the aspects of MC 

event generators related to observables relevant to top mass measurements. 

1)  Analyze parton showers 

2)  Scrutinize MC event generators 

3)  Certainly: new theory developments (MC, theory calculations, …) are mandatory  

mMC

t = mpole

t ± max(�t, Q0

)

�t ⇡ 1.4 GeV

Q0 = (0.5� 1.25) GeV



Particleface Meeting, University of Coimbra, February 26-27, 2019 

How serious is the issue? Recent Work  

Corcella, Franceschini, Kim, arXiv: 1712.05801    (mt
MC from alternative methods) 

§  Dependence of mt
MC determination from kinematic decay distributions on fragmentation 

parameters in Pythia 8 and Herwig 6 

§  Hadronization model parameters cannot be determined precise enough such that 
alternative fragmentation based methods (exclusive observables, mBl, EB) can compete with 
direct mass measurements. 

§  Endpoints not sensitive to hadronization model variations (fragmentation) 

Heinrich, Maier, Nisius, Schlenk, Schulze, Winter: 1709.08615  (alternative methods) 

§  Effects of off-shell top production compared to narrow width approximation (           ) 

§  Effects related to off-shell effects as large as 0.5 – 1 GeV for mt
MC determination  

Mjb`

Ravasio, Jezo, Nason, Oleari, arXiv: 1801.03944    (mt
MC from direct reconstruction) 

§  POWHEG study: NLO corrections in various approximations (production, decay, full off-shell) 

       leads to small numerical differences (                              ) 

§  Numerical effects on the observed end point (e.g. peak position of reconstr. inv. Mass) MC 
dependent (Pythia (<200 MeV) compared to Herwig (up to 1 GeV)) 

hva, tt̄dec, bb̄4`
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Monte-Carlo Top Quark Mass Parameter 

To start the systematic considerations we should set up a notation so 
that we can discuss the different issues in a concrete way.   

•  Contribution arising from 
systematic MC uncertainties 

•  E.g. color reconnection,         
b-jet modeling, (finite width), ...  

•  Should be covered by ‘MC 
uncertainty’ or better negligible 

•  Perturbative correction 
•  Depends on MC parton 

shower setup 
•  (Affected by finite width 

effects?) 

•  Effects of hadronization 
model 

•  May depend on parton 
shower setup 

Monte Carlo shift:  pQCD contribution: Non-perturbative contribution:  

mMC

t = mpole

t +�pert

m +�non�pert

m +�MC

m
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Monte-Carlo Top Quark Mass Parameter 
Quantitative examinations of mt

MC   

•  Fits of NNLL+NLO+had.corr. theory 
predictions with Pythia 8.205 

•  Good agreement between Pythia and 
analytic calculation 

•  “MC top mass calibration”  
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Monte-Carlo Top Quark Mass Parameter 
Quantitative examinations of mt

MC   

•  Comparison of NLL+had.corr. theory 
predictions with Pythia 8.205 

•  Good description of Pythia output. 
 



Particleface Meeting, University of Coimbra, February 26-27, 2019 

e+e- Calibration Result: Top Width Dependence 

mt
MC=173 

Δm = mt
MSR[Γt] – mt

MSR[Γt=1.4]   

•  Sensitivity to top width value. 

•  Pythia resonance peak position does 
not depend on value of Γt 

•  Theory resonance peak position 
increases with Γt 

Top width dependence 
αS(MZ)=0.118 

§  Three colors: tunes 1, 3, 7 
§  Error bars: standard deviation of 

best mass value distribution in 500 
profile function fits  

0.7 1.4 2.0 

Δm [GeV] 

Plätzer, Preisser, Samitz, AHH, w.i.p. 

Γt [GeV] 



Particleface Meeting, University of Coimbra, February 26-27, 2019 

Top Resonance: factorization vs. Pythia 
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2-jettiness, Q=700 GeV, Pythia, NoTopdecay+PS+NoHad

Pythia QCD Factorization 

MC generators themselves need to be scrutinized and understood thoroughly 
in order to fix the relation of the MC top quark mass to field theory masses.  

Plätzer, Preisser, Samitz, AHH, w.i.p. 

Pythia does not describe the top width dependence in a way 
compatible with theory. 
 

mMC

t = mpole

t +�pert

m +�non�pert

m +�MC

m

Numerical calibration useful 
tool, but cannot distinguish the 

three contributions  



Cutoff in Angular Ordered Parton Showers 
→  Coherent branching:    (basis of the Herwig parton shower) 

scale in αS: cutoff: 

2-Jettiness 𝛕2 distribution In the peak region (for e+e- and boosted tops) can be 
analytically computed in QCD factorization (SCET) at NLL+NLO and coherent 
branching (CB) at NLL. 

Usually not present in analytic QCD ! 

Plätzer, Samitz, AHH; arXiv:1807.06617 
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p2? > Q2
0µ2 = p2? + (1� z)2m2

Catani, Marchesini, Webber 1991  
Gieseke, Stephens, Webber, 2003  

Fleming, Mantri, Stewart, AHH, 2007  

Ultra-collinear 
radiation  

Large-angle soft 
radiation  



Particleface Meeting, University of Coimbra, February 26-27, 2019 

Coherent Branching 

→  default shower in Herwig 
Dokshitzer, Fadin, Khoze (1982)  
Bassetto, Ciafaloni, Marchesini (1983)  
Catani, Marchesini, Webber (1991)  
Gieseke, Stephens, Webber  (2003)  momentum conservation 

ordering variable angular ordering (color coherence) 

z2i q̃
2
i > q̃2i+1

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

→  parton level 𝞽 distribution 

→  exponentiation in Lapace space 
Catani, Trentadue, Turnock, Webber  (1993)  
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Phase Space and Power Counting (Q0=0) 

mQ= 0 mQ≠ 0 



Cutoff in Angular Ordered Parton Showers 
→  Is NLO information in the PS mandatory to specify the mass scheme?  
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Consider partonic cross section at NLO for massless quarks: 

Use that NNLL@NLO part is proportional to LO  

LO peak position  

NLO peak position  

→  NLL resummation has full NLO → 
information on the peak position   

Same holds for 
massive quarks ! 

(NLL PS corresponds 
to NLL’ in SCET) 

Plätzer, Samitz, AHH; arXiv:1807.06617 



Cutoff in Angular Ordered Parton Showers 

•  Equivalence of CB and SCET at NLL order for Q0=0  (massive quark case new!) 
•  Generator mass mt is the pole mass mt

pole for Q0=0 ! 

Δm
pert can be systematically examined at  Ơ(αS) for 𝛕2 in the resonance region:   

Q0=0 : (strict perturbation theory in αS(Q))   

•  Parton level (with common shape function for non-pert. effects) 

•  Boosted top quarks (factorization and shower algorithm reliable) 

•  Narrow width approximation (no systematic shower algorithm for non-res. effects) 

Plätzer, Samitz, AHH; arXiv:1807.06617 
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But MC parton showers require Q0 ≳ 1 GeV, so it is mandatory to include the 
finite shower cut ! 
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CB: Impact of Shower Cut Q0 
→  recall NLL resummed thrust distribution in Laplace space  

→  introduce cutoff: 

→   expand I up to terms O
⇣

⌫2Q2
0

Q2 , Q2
0

m2 ,
m2

Q2

⌘

→  term linear in 𝜈 gives shift in 𝞽-space mass-dependent shift 
→ change to mass ! 

mass-independent shift 
→ change to hadronization ! 



Cutoff in Angular Ordered Parton Showers 

Q0>0 :   

•  Pole of the top quark propagator = mt
CB(Q0) ≠ mt

pole      (coherent branching mass) 

•  In the presence of the shower cut the ultra-collinear radiation generated by CB 
produces exactly the mass scheme change correction that is required so that the 
generator mass is exactly the coherent branching mass mt

CB(Q0). 

•  The shower cut also affects large-angle soft radiation. The corresponding effects 
are directly tied to the amount of hadronization effects that are fixed by tuning 

•  All conclusions explicitly cross checked by correspondence between analytic QCD 
factorization calculations and analytic solutions of the CB algorithm.  

Plätzer, Samitz, AHH; arXiv:1807.06617 
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mCB

t (Q
0

) = mpole

t � 2

3
Q

0

↵s(Q0

) +O(↵s(Q0

)2)

�(m1, Q, . . .) = �(m2, Q, . . .) + �m⇥ d

dm
�(m,Q, . . .)

���
m=m1

+ . . .

�m = m2 �m1 Scheme change correction 
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Q0 Dependence: Herwig vs analytic QCD 

Peak position of                     

•  Depends on value of Q0  (while keeping 
hadronization effects unchanged) 

•  Relative Q0 dependence of hadronization 
and the top mass depends on Q 

M⌧ =
Q2⌧2
2mt

(Q = Ecm)

☐ Herwig 

Analytic QCD 
(top quark) 

Analytic QCD 
(massless quark) 

•  Herwig simulations in full 
agreement with analytic 
calculation for CB algorithm  

•  Mbl endpoint and MbW resonance 
position show compatible Q0 
behavior. 

Plätzer, Samitz, AHH; arXiv:1807.06617 
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Relation of mt
CB(Q0) to other Masses 

MSR Mass 

Herwig 7:  Q0 = 1.25 GeV     →   mt
Herwig = mt

CB(1.25 GeV) 

mMC

t = mCB

t (Q
0

) = mpole

t � 2

3
Q

0

↵s(Q0

) +O(↵2

s) = mpole

t � 0.67Q
0

↵s(Q0

) +O(↵2

s)

mMSR

t (Q
0

) = mpole

t � 4

3⇡
Q

0

↵s(Q0

) +O(↵2

s) = mpole

t � 0.42Q
0

↵s(Q0

) +O(↵2

s)

•  CB and MSR masses do not suffer from the O(ΛQCD) renormalon  → good convergence   
•  Uncertainty estimated from difference between αs in          and MC schemes 
•  MSR mass can be related to                with uncertainty of 15 MeV. 

•  Precision sufficient for all possible applications at the LHC 
•  Two-loop corrections to mt

CB(Q0)-mt
pole needed for ILC top quark physics  

mMSR
t (Q0)�mCB

t (Q0) = 0.24Q0↵s(Q0) +O(↵2
s)→ 

mMSR
t (Q0)�mCB

t (Q0) = (0.190± 0.070) GeV

mt(mt)
MS

↵MS
S (MZ) = 0.118
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Relation of mt
CB(Q0) to other Masses 

Pole Mass 

Herwig 7:  Q0 = 1.25 GeV     →   mt
Herwig = mt

CB(1.25 GeV) 

•  Pole mass suffers from the O(ΛQCD) renormalon  → irreducible ambiguity 250 MeV 

•  Pole mass around 0.5 GeV larger than Herwig top generator mass. 
     Shift as large as current experimental uncertainty from direct methods. 

→ 

mMSR
t (Q0)�mCB

t (Q0) = (0.190± 0.070) GeV

mpole

t �mMSR

t (Q
0

) = (0.350± 0.250) GeV

mpole

t �mCB

t (Q
0

) = (0.540± 0.260) GeV

Lepenik, Preisser, AHH  2017 
[±110 MeV: Beneke, Marquard, 
Nason, Steinhause  2017] 

All order relation! 
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Conclusions / Outlook 
•  For angular order partons showers (Herwig MC) one can derive the perturbative 

contributions to the relation between generator mass and pole mass (Δm
pert) 

 
•  Current Restrictions:                           Needed to remove restriction  

       
 
•  There are good prospects that all three restriction can be addressed in near future 

(w.i.p.). But new conceptual developments for all 3 issues are required. Treating 
non-boosted top quark is the hardest conceptual problem. 

 
•  Study of non-perturbative contributions to the relation between generator and 

pole mass (Δm
non-pert) can be carried out by dedicated MC simulations (w.i.p.). 

 

mCB

t (Q
0

) = mpole

t � 2

3
Q

0

↵s(Q0

) +O(↵s(Q0

)2)

•  Boosted top quarks     
•  Narrow width approximation 
•  Top production (2-jettiness) 
•  Herwig angular-ordered PC 

•  Parton shower algorithm for slow tops (hard)  
•  Parton shower for unstable top quark 
•  Factorized predictions including top decay 
•  Analytic treatment of dipole shower (hard) 


