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1 Introduction

Motivation for mtop ...

At present several attempts have been made to overcome the difficul-
ties of the standard methods and in particular the need to calibrate jets
energy to very high accuracy. Some attempts involved using the W bo-
sonmass as a constraint to calibrate in-situ the jet reconstruction [1]. This
method, however, cannot account for the differences between b-jets and
light flavored jets, as the W boson only produces light flavored quarks
and some charm. In other attempts the jet energy scale has been ef-
fectively constrained exploiting the anti-correlation of b-jets energy and
angular variables [2] imposed by the V −A decay matrix element that in
the Standard Model describes the top quark decay.

Despite all these efforts the jet energy scale keeps being a bottleneck
for the improvement of standard mass measurements methods. There-
fore new methods have been conceived to go around this uncertainty.
Among the earliest we recall the methods based on exclusive J/ψ [3, 4]
fragmentation of the b-quark and studies of the decay length of the B
hadrons [5, 6]. In the J/ψ method leptonic decays of the J/ψ are used
to identify the resonance. The distribution of the invariant mass of two
leptons from the J/ψ and the lepton from the W boson decay, mℓℓ̄ℓ′ ,
is then calculated and, thanks to theoretical calculations, related to the
mass of the top quark. No jet energy measurement is directly involved in
the measurement of the quantity sensitive to the top quark mass, there-

fore this type of measurement is free from jet energy calibration issues 1.
Similarly, the measurement of the decay length of theB hadron does not
involve directly any jet energy measurement, as it is based on the identi-
fication of the secondary vertex in the event through tracking. Therefore
a measurement of this type is clean from jet energy calibration issues.
For all methods involving the tagging of exclusive hadronic final states,

e.g. the di-lepton J/ψ final state mentioned above, we expect a number
or recorded events at LHC14

Nev ∼ 105
L

1/ab
ϵtagging
10! 4

áϵcuts áBR(tt̄) (1)

for a tt̄ final state having branching fraction BR(tt̄) in a data sample
that retains a fraction ϵcuts of the total tt̄ sample for a given tagging effi-
ciency ϵtagging. For the J/ψ clean di-lepton tag ϵtagging will be few á105

just taking into account branching fractions. Adding up all decay modes
of B hadrons that can be reconstructed from just charged tracks (e.g.
B+ → K+π+π! ) we may increase the number of events by a factor few,

1The events on which the leptonic J / ! is sought have been selected by imposing
selections on the events, which usually involves jets. Therefore, via the selection cuts,
this measurement is affected by jet energy issues. However this effect is not direct: the
mismeasurement of energy affects only the phase-space of the events used in the mea-
surement, not the observable itself. The theory calculations needed to extract the top
quark mass from the observed distribution are carried out for the nominal phase-space,
which is not identical to phase-space of the events recorded in the experiment. This
difference in practice has very marginal effects on the extracted top quark mass, as can
be checked by slightly changing the phase space in the theory calculations.

1

 0906.5371 

CMS-PAS-TOP-12-030

B → ℓ + X
Lxy

B → J/ψ + X
B → tracks

B → tracks + neutral

εtagging

O(1)

O(10-4)

CMS-PAS-TOP-15-014

1603.06536

• Mass measurement methods using 
jets ⇒ Jet Energy Scale uncertainty  

• Useful to look at mass measurement 
that do not have Jet Energy Scale 
uncertainty
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T R A D E  O F F  J E S↔F R A G M E N TAT I O N
F O R  E A C H  O B S E R VA B L E  U S E D  I N  T O P  Q U A R K  M A S S  M E A S U R E M E N T  W I T H  B - J E T S  A  

D E R I V E D  O B S E R VA B L E  C A N  B E  D E F I N E D  U S I N G  T H E  B - H A D R O N  I N S T E A D  O F  T H E  B - J E T  
( A N D  J E S  ↔  H A D R O N I Z AT I O N )

m(b-jet,lepton) ⇒  m(B-hadron,lepton)  

E(b-jet) ⇒  E(B-hadron) 

pT(b-jet) ⇒  pT(B-hadron)

W H AT  I S  T H E  C U R R E N T  U N C E R TA I N T Y  F R O M  H A D R O N I Z AT I O N  M O D E L I N G ?

H O W  P R E C I S E LY  W E  N E E D  T O  T U N E  T H E  M O D E L S  O N  ( T O P  Q U A R K  S P E C I F I C )  D ATA ?

C A N  W E  T U N E  T H E  M O D E L S  F R O M  D ATA  P R E C I S E LY  E N O U G H ?
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Figure 7. The B-fragmentation as measured by SLD [30]
and predicted by the dipole shower with the improved kine-
matics for massive quarks. More details will be presented
in a forthcoming publication [29].

improve the convergence of the reweighted results at
the expense of a less e�cient algorithm for the central
prediction.

Reweighting is available in both showers. Multiple
variations can be included in a single run and each vari-
ation requires a unique name, ‘varName’, which is used
to identify the weight in the HepMC record. Each vari-
ation corresponds to a pair of scale factors, ⇠R and ⇠F ,
to be applied to the renormalization and factorization
scales respectively. Finally each variation can be ap-
plied to the showering of the hard process only (Hard),
secondary processes only (Secondary) or to both parts
(All):

do ShowerHandler:AddVariation VarName xR xF
Hard/Secondary/All
set SplittingGenerator:Detuning Factor

do DipoleShowerHandler:AddVariation VarName
xiR xiF Hard,Secondary,All
set DipoleShowerHandler:Detuning Factor

On top of using reweighting for the shower varia-
tions, the dipole shower o↵ers a number of reweight-
ing and biasing facilities which are e.g. used for
the KrkNLO method (see below). These are avail-
able through the DipoleSplittingReweight and
DipoleEventReweight classes. Very flexible veto func-
tionality is also available for the angular ordered
shower through the ShowerVeto and FullShowerVeto
classes.

7 KrkNLO

This version of Herwig contains an implementation of
the KrkNLO method [32]. This provides NLO QCD
corrections to LO matrix elements for specific pro-
cesses following this paradigm as an alternative to the

other matching schemes available. The implementation
currently supports the Drell-Yan (Z/�⇤) process, and
Higgs production via gluon-fusion (in the large top-
mass limit) and is available for the dipole shower [9,33].
For the Drell-Yan process, it is possible to use both
the MC and MC

DY

variants of the MC scheme [34].
This module was validated against a previous, inde-
pendent, implementation using the published DY re-
sults of Ref. [32] and was also used to simulate the
first results for this method in Higgs production [35].
KrkNLO can be enabled by using

read Matchbox/KrkNLO-DipoleShower.in
set KrkNLOEventReweight:Mode H
set KrkNLOEventReweight:PDF MC
set KrkNLOEventReweight:AlphaS R Q2
set KrkNLOEventReweight:AlphaS V M2

in combination with an MC-scheme PDF. The MC-
scheme PDFs, example input-cards, and other relevant
codes are hosted at https://krknlo.hepforge.org/.

8 Other Changes

Besides the major physics improvements highlighted in
the previous sections, we have also made a number of
smaller changes to the code and build system which we
will summarize below. Please refer to the online doc-
umentation for a fully detailed description or contact
the authors.

8.1 Steering, input files and weights

The steering of the Herwig executable has seen a num-
ber of improvements, mainly:

– A new run mode has been added to solely perform
the merging of integration grids from parallel inte-
gration runs,

Herwig mergegrids <run file name>

– A high-level run-time interface is now available to
steer Herwig within more complex frameworks such
as experimental software without the need to ex-
ecute the binary. This includes all of the read,
build, integrate, mergegrids and run steps.

The structure of input files for non-Matchbox-based
processes has been adapted to use the snippet input
file mechanism and is now in line with steering matched
and merged processes. On top of this, a large number
of input file switches which have before used On,Off or
True,False to indicate their state have been changed
to Yes,No.

As far as integration and event generation are con-
cerned, we have made a choice that by default sampling
is run in AlmostUnweighted mode, i.e. events carry
in general varying weights, most of which are unity.
This is to account for the fact that the grid adaption
might only have encountered a maximum weight close
to the true maximum weight and strict unweighting
in this case could skew distributions and cross section

Figure 5: Data from LEP and SLD experiments, compared with the NLO+NLL calcu-
lation convoluted with the Kartvelishvili model (solid) and HERWIG 6.506, using the
default parametrization (dashed) and our tuning (dotted).

Figure 6: As in Fig. 5, but comparing data and the NLO+NLL calculation with default
(dashed) and tuned (dotted) PYTHIA 6.220. Also shown is the PYTHIA prediction,
using our tuning of the hadronization model, but without rejecting the showers which
do not fulfil angular ordering (dot-dashed).

tions quoted in Table 1 to predict the xB distribution in H → bb̄ and t → bW . In Higgs
decay we shall investigate the cases mH = 120 and 500 GeV; in top decay we shall as-
sume mt = 175 GeV and mW = 80.425 GeV. The other quantities will be set consistently
with the values employed in the fit to the e+e− data.

In Fig. 7, we plot the B-hadron spectrum in H → bb̄ processes, using HERWIG,

13

H E R W I G  6

 hep-ph/0508013

CLSMR(1),CLSMR(2),DECWT,CLPOW,PSPLT(2)

H E R W I G  7



0 50 100 150 200 250
0

5000

10000

15000

20000

25000

30000

EB [GeV]

dσ
[A
.U
.]

0 100 200 300 400 500
0

10000

20000

30000

40000

m(��! ,B) [GeV]

dσ
[A
.U
.]

• Homogeneous recipe for all 
observables 

• Tails might bring in sensitivity to 
unknown unknowns 

• Bulk of the events, large data sample
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H W 6 : S E N S I T I V I T Y  T O  PA R T O N  S H O W E R  A N D  H A D R O N I Z AT I O N

CLPOW PSPLT QCDLAM CLSMR!2"
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mBl

pT!B"

E!B"

pT!l"

E!l"
0.001

0.008

0.017

0.025
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Furthermore we carry out similar sensitivity studies in which we quan-
tify the sensitivity to the showering and hadronization parameters of ob-
servables that are not sensitive to the top quark mass. These observables
can be used to gauge the suitability of the tunes obtained elsewhere to
describe hadronization in top quark specific context. Furthermore, as
they do not (or very mildly) depend on the top quark mass, the measure-
ments of these observables can be used to constrain the showering and
hadronization parameters that have the greatest impact on the observ-
ables sensitive to the top quark mass, resulting in an improvement of the
accuracy and the robustness of the top quark mass measurement.

� � � 4� E� V� E� Q� I� X� I� V� W � E� R� H � G� E� P� G� Y� P� E� X� M� S� R� W

In the following we study the process

pp ! tøt ! e! µ+ bøb+ ø!! (3)

at leading order in perturbation theory, with hard matrix elements and
subsequent showering of colored final states handled by Pythia 8.2 [21]
or Herwig 6 [22].
PARAGRAPH ON WHY NLO IS NOT RELEVANT FOR THE

QUALITATIVE FEATURES OF THE RESULTS. [23]
For what concerns Pythia the quarks and gluons at the end of the

showering are converted into hadrons using the Lund string model [24,
25], suitably tuned [19] to reproduce data. A number of parameters can
be tuned in the hadronization model, some of them are specific to heavy
flavors, such as parameters for the formation of B hadrons, others are
meant to describe hadronization of of light flavors. In our study we con-
centrate on heavy flavor parameters, therefore we will study variations of
the Lund string model parameters a and bby considering deviations of
their value from the value used to describe light quarks hadronization.
Furthermore we will vary the parameter rB of the Bowler modification of
the string model for massive quarks [25]. As discussed in the introduc-
tion, hadronization models are specific to the showering to which they
are attached, therefore is important to study the sensitivity of observables
sensitive to the top quark mass as well to variations of the showering.

Pythia8 parameter range default
pT,min TimeShower:pTmin 0.25-1.00 GeV 0.5
" s,FSR TimeShower:alphaSvalue 0.1092 - 0.1638 0.1365
recoil TimeShower:recoilToColoured on and off on

bquark mass 5:m0 3.8-5.8 GeV 4.8 GeV
Bowler’s rB StringZ:rFactB 0.713-0.813 0.855

string model a StringZ:aNonstandardB 0.54-0.82 0.68
string model b StringZ:bNonstandardB 0.78-1.18 0.98

Table 1: Some of the central values are not the default of Monash. For
instance we vary a and baround the flavor universal value and we pick the
central rB around the mid-point between Pythia6.4 and Pythia8-Monash
values.

parameter range default
Decay cluster mass distribution PSPLT(2) 0.9 - 1 1
Maximum mass in cluster made of

quarks qi and qj
CLPOW 1.8 - 2.2 2

CMW [26] ΛQCD QCDLAM 0.16 - 2 0.18
Gaussian smearing of the B

hadron direction w.r.t. bquark
CLMSR(2) 0.1 - 0.2 0

Table 2: Paramters studied in Herwig6

Parameters for which a sensitivity is expected include pT,min the scale at
which the parton shower is stopped and hadronization models take over,
the value of the strong couplings constant at the Z boson mass that is
used in the parton shower of the partons, and the value of the b quark
mass used in the shower. In addition we also check the effect induced
by discrete choice of using the bquark or the W boson as recoiler to im-
pose momentum conservation in splitting happening from the b quark
branch of the shower. The summary of the parameters that we vary and
the range of variations that we explored is reported in Table 1.
For Herwig 6 ...
At this stage it appears that Herwig 7 offers no significant advantange

4

• ΛQCD  needed at 10% 
• PSPLT needed at 10% (steepness of the cluster mass spectrum) 

Mellin-1 ∆(M1)
θ

dmt
dM1

∆(M1)
θ

CLPOW PSPLT QCDLAM CLSMR(2)
mBℓ,true 1.2 1.63 0.004(3) 0.019(2) 0.007(1) 0.0011(1)
pT,B 1.2 3.3 0.007(3) 0.034(5) 0.010(4) 0.0017(3)
EB 1.1 2.4 0.0073(2) 0.028(3) 0.011(3) 0.0016(4)
pT ℓ <0.004 <0.004 <0.002 <0.0002
Eℓ 0.007(4) 0.00007(5) 0.005(4) 0.00003(3)

!"#$% #&#"' (!)"*+ !"&+, (- )

./0

1' (/ )

2(/ )

1' (0)
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./0
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34335
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34357
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Table 6: Sensitivity of the mass observables from the first Mellin moment to Herwig6 shower and hadronization parameters, as well as to the top
quark mass. The first and second column give the sensitivity of the observable to mt and the coefficient of a straight line fit to the dependence of mt

on the Mellin moment of the observables of each row. Due to the accuracy of our fits all numbers have O(10%) uncertainty, the uncertainty on the last
reported digit is shown in parentheses.
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P Y 8 : S E N S I T I V I T Y  T O  PA R T O N  S H O W E R  A N D  H A D R O N I Z AT I O N

Pythia8 parameter range Monash default
pT,min TimeShower:pTmin 0.25-1.00 GeV 0.5
αs,FSR TimeShower:alphaSvalue 0.1092 - 0.1638 0.1365
recoil TimeShower:recoilToColoured on and off on

b quark mass 5:m0 3.8-5.8 GeV 4.8 GeV
Bowler’s rB StringZ:rFactB 0.713-0.813 0.855
string model a StringZ:aNonstandardB 0.54-0.82 0.68
string model b StringZ:bNonstandardB 0.78-1.18 0.98

Table 1: Ranges and central values of the parameters that we varied.
Note that some values are not varied around the default of Monash. For
instance we rB around the mid-point between Pythia6.4 and Pythia8-
Monash values.

parameter range default
Decay cluster mass distribution PSPLT(2) 0.9 - 1 1

Maximum mass in cluster made of quarks qi
and qj

CLPOW 1.8 - 2.2 2

CMW [27] ΛQCD QCDLAM 0.16 - 2 0.18
Gaussian smearing of the B hadron direction

w.r.t. b quark
CLMSR(2) 0.1 - 0.2 0

Table 2: Paramters studied in Herwig6

hadronization. For this reason we consider the fully leptonic top quark
decay, that is particularly clean for this purpose as there are no light
quark jets at leading order in perturbation theory. Clearly one could
also use other final states of the top quarks, paying attention to the fact
that they would be sensitive to light quarks hadronization as well heavy
flavors. From a practical standpoint the hadronization of light quarks
should be reasonably constrained by other observations, hence we ex-
pect top quark semi-leptonic final states will be usable to better con-
strain b quark hadronization. Our study will be a useful template for a
valid strategy to use the semi-leptonic final state, but we do not study it
in detail in this work.

3 Observables

3.1 mt observables

For the measurement of the top quark mass we consider the following
observables:

• EB the energy of each tagged B hadron

• pT,B the transverse momentum of each tagged B hadron

• EB + EB and pT,B + pT,B the sum of the energy of each tagged B
hadron (in events where both B hadrons are tagged)

• mBℓ the invariant mass of the tagged B hadron and one lepton in
the event (the choice of the lepton between the two present in the
event is discussed below)

• mT2 and mT2,⊥ of the B and the Bℓ subsystem defined below (the
choice of the lepton between the two present in the event is dis-
cussed below)

We choose these observables because some of them have already been
discussed in the literature to carry out measurements of mt from

5

• αs  needed at 1% 

• mb needed at 3% 

• all the rest needed at 10% 

Mellin-1 ∆(O)
mt

dmt
dM 1

∆(mt )
!

! s,F SR pT,min recoil rB a b

EB 1.1 2.4 0.43 0.019 0.028 0.039 0.020 0.039
EB + EB 1.2 0.99 0.42 0.019 0.032 0.046 0.023 0.034

pT,B 1.2 3.3 0.43 0.021 0.027 0.043 0.022 0.042
pT,B + pT,B 1.2 1.47 0.36 0.017 0.024 0.042 0.016 0.044

mB ",min 1.0 2.6 0.26 0.011 0.016 0.041 0.011 0.031
mB ",true 1.2 1.63 0.24 0.008 0.013 0.031 0.009 0.022

m(mET)
T 2,B ",true 0.97 1.51 0.24 0.012 0.012 0.034 0.013 0.032

m(mET)
T 2,B ",min 0.98 1.42 0.23 0.011 0.012 0.031 0.012 0.03

m(mET)
T 2,B ",min,⊥ 1.55 0.24 0.01 0.011 0.038 0.011 0.03

m(ISR)
T 2,B ",true 0.99 1.45 0.21 0.007 0.01 0.022 0.008 0.022

m(ISR)
T 2,B ",min 0.97 1.35 0.2 0.008 0.013 0.024 0.01 0.027

m(ISR)
T 2,B ",min,⊥ 1.52 0.22 0.01 0.01 0.03 0.013 0.03

m(truth)
T 2,B ",true 1.35 m(ISR)

T 2,B ",min m(ISR)
T 2,B ",min m(ISR)

T 2,B ",min m(ISR)
T 2,B ",min m(ISR)

T 2,B ",min m(ISR)
T 2,B ",min

E" 0.04
m""

Mellin-1 ∆(O)
mt

dmt
dM 1

∆(mt )
!

! s,F SR pT,min recoil rB a b

m(mET)
T 2,B ",true 0.97 1.51 0.24 0.012 0.012 0.034 0.013 0.032

m(mET)
T 2,B,⊥ 667 0.27 0.017 0.018 0.044 0.018 0.04

m(ISR)
T 2,B ",true 0.99 1.45 0.21 0.007 0.01 0.022 0.008 0.022

m(ISR)
T 2,B,⊥ 692 0.28 0.017 0.018 0.043 0.018 0.04

Slope
m(mET)

T 2,B 4.7 179 0.29 0.03 0.02 0.049 0.018 0.042

m(ISR)
T 2,B 4.9 133 0.22 0.011 0.012 0.03 0.011 0.026

Table 5: Sensitivity of the mass observables from the first Mellin moment to the shower and hadronization parameters, as well as to the top quark
mass. The first column gives the coefficient of a straight line fit to the dependence of mt on the Mellin moment of the observables of each row. Due
to the accuracy of our fits all numbers should be read with a 10% uncertainty, hence we report only 2 significant digits.
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• All hadronic observables in the 
same ballpark (within factor 2) 

• mT2 similar to mBl 

• Fully Leptonic observables (not 
shown here) one order less sensitive



End-point

• 1% of the cross-section to go the end-point 

• how much better does it get?
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P Y 8 : S E N S I T I V I T Y  T O  PA R T O N  S H O W E R  A N D  H A D R O N I Z AT I O N

Pythia8 parameter range Monash default
pT,min TimeShower:pTmin 0.25-1.00 GeV 0.5
αs,FSR TimeShower:alphaSvalue 0.1092 - 0.1638 0.1365
recoil TimeShower:recoilToColoured on and off on

b quark mass 5:m0 3.8-5.8 GeV 4.8 GeV
Bowler’s rB StringZ:rFactB 0.713-0.813 0.855
string model a StringZ:aNonstandardB 0.54-0.82 0.68
string model b StringZ:bNonstandardB 0.78-1.18 0.98

Table 1: Ranges and central values of the parameters that we varied.
Note that some values are not varied around the default of Monash. For
instance we rB around the mid-point between Pythia6.4 and Pythia8-
Monash values.

parameter range default
Decay cluster mass distribution PSPLT(2) 0.9 - 1 1

Maximum mass in cluster made of quarks qi
and qj

CLPOW 1.8 - 2.2 2

CMW [27] ΛQCD QCDLAM 0.16 - 2 0.18
Gaussian smearing of the B hadron direction

w.r.t. b quark
CLMSR(2) 0.1 - 0.2 0

Table 2: Paramters studied in Herwig6

hadronization. For this reason we consider the fully leptonic top quark
decay, that is particularly clean for this purpose as there are no light
quark jets at leading order in perturbation theory. Clearly one could
also use other final states of the top quarks, paying attention to the fact
that they would be sensitive to light quarks hadronization as well heavy
flavors. From a practical standpoint the hadronization of light quarks
should be reasonably constrained by other observations, hence we ex-
pect top quark semi-leptonic final states will be usable to better con-
strain b quark hadronization. Our study will be a useful template for a
valid strategy to use the semi-leptonic final state, but we do not study it
in detail in this work.

3 Observables

3.1 mt observables

For the measurement of the top quark mass we consider the following
observables:

• EB the energy of each tagged B hadron

• pT,B the transverse momentum of each tagged B hadron

• EB + EB and pT,B + pT,B the sum of the energy of each tagged B
hadron (in events where both B hadrons are tagged)

• mBℓ the invariant mass of the tagged B hadron and one lepton in
the event (the choice of the lepton between the two present in the
event is discussed below)

• mT2 and mT2,⊥ of the B and the Bℓ subsystem defined below (the
choice of the lepton between the two present in the event is dis-
cussed below)

We choose these observables because some of them have already been
discussed in the literature to carry out measurements of mt from

5

• much reduced sensitivity at the 
end-point

O ∆(O)
mt

dmt
dO

∆(mt)
θ

αs,FSR pT,min recoil rB a b

EB,peak 1.44 2.8 0.46 0.018 0.032 0.057 0.018 0.042
m̀Bℓ,min 1.28 0.89 0.0021 < 10−3 < 10−3 0.0038 0.0021 0.0017
m̀Bℓ,true 1.28 0.89 0.005 < 10−3 < 10−3 0.0035 0.0014 < 10−3

m̀
(mET)
T2,Bℓ,true 1.01 1 < 10−3 < 10−3 < 10−3 0.0029 0.0015 0.0014

m̀
(mET)
T2,Bℓ,min 1 1 0.0016 < 10−3 < 10−3 0.0035 0.0012 < 10−3

m̀
(mET)
T2,Bℓ,min,⊥ 0.96 0.016 < 10−3 < 10−3 0.0071 0.0019 0.0017

m̀
(ISR)
T2,Bℓ,true 0.99 1 0.0067 0.0015 < 10−3 0.0042 0.0021 0.0024

m̀
(ISR)
T2,Bℓ,min 0.98 1 0.0063 0.0015 < 10−3 0.0031 0.0021 0.0023

m̀
(ISR)
T2,Bℓ,min,⊥ 0.98 0.0056 < 10−3 < 10−3 0.0042 0.0016 0.0014

m̀
(truth)
T2,Bℓ,true 1 1 m̀

(ISR)
T2,Bℓ,true m̀

(ISR)
T2,Bℓ,true m̀

(ISR)
T2,Bℓ,true m̀

(ISR)
T2,Bℓ,true m̀

(ISR)
T2,Bℓ,true m̀

(ISR)
T2,Bℓ,true

O dmt
dO

∆(mt)
θ

αs,FSR pT,min recoil rB a b

m̀
(mET)
T2,Bℓ,true 1 < 10−3 < 10−3 < 10−3 0.0029 0.0015 0.0014

m̀
(mET)
T2,B 1.01 0.003 < 10−3 < 10−3 0.005 0.0015 0.0022

m̀
(mET)
T2,B,⊥ 0.007 0.001 < 10−3 0.012 0.0046 0.0051

m̀
(ISR)
T2,Bℓ,min 1 0.0063 0.0015 < 10−3 0.0031 0.0021 0.0023

m̀
(ISR)
T2,B 0.98 0.007 0.001 < 10−3 0.004 0.0022 0.002

m̀
(ISR)
T2,B,⊥ 0.004 < 10−3 < 10−3 0.007 0.0031 0.0034

Table 7: Sensitivity of the mass observables from shape analysis to the shower and hadronization parameters, as well as to the top quark mass. The
first column gives the coefficient of a straight line fit to the dependence of mt on the peak or end-point observables of each row. Due to the accuracy
of our fits all numbers should be read with a 10% uncertainty, hence we report only 2 significant digits.
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• statistics is an issue for exclusive B 
decay methods (traks, J/ψ) 

• other methods might still be usable 
( mSVℓ, m(ℓℓsoft), maybe Lxy )

5.2 Shape Analyses

The Mellin moment analysis above can be applied to all observables be-
cause they all have a rise-and-fall shape and appears reasonable to corre-
late the shape of this rise-and-fall with the top quark mass. However, for
some of the observables are known more detailed kinematic properties
about features of the distributions, such as peaks and end-points, rather
than for the Mellin moments. These features enjoy kinematical proper-
ties which might offer protection against poor knowledge of the show-
ering and hadronization parameters we are studying. For instance the
mBℓ end-point arises from on-shell conditions of the W boson and top
quark. For perfectly on-shell kinematics, regardless of the way parton
shower happens, such end-point should not be surpassed by any event.
Barring soft colored quanta exchanged to neutralize the color of the top
quark with the color of the rest of the event, the end-point should be re-
spected by all events with on-shell top quarks andW bosons, regardless
of how the hadrons were formed.
Motivated by these possible reduced sensitivity we extend the analysis

to the end-point of the invariant mass of the lepton and the B hadron,
the stranverse massmT2 of subsystems of our final states as explained in
the following, and the peak position of the B hadron energy spectrum.
End-points and peaks are determined fitting the spectrum with suitable
functions.

5.2.1 Definition of the dedicated shape analyses

DETAILS OF THE EXTRACTION OF THE ENDPOINT AND PEAK
FITTING
In particular formBℓ we use the data in the range above 130GeV, which

formBℓ,true corresponds to a fraction ϵtail ≃ 0.01 of the total cross-section
and should yield a number of events

Nev ∼ 103
L

1/ab
ϵtagging
10! 4

· ϵtail
0.01

·BR(tt̄)

where BR(tt̄) is the branching fraction of the used decay mode of tt̄ and
ϵtagging is the tagging efficiency to tag the exclusive final state with a B-
hadron. Clearly for this analysis the foreseeable LHC dataset will yield

a statistical uncertainty above the level of the systematic uncertainties
we are dealing with. Our results therefore should be read as investiga-
tion the situation when one pursues an analysis of opposite philosophy
than the one of Mellin analysis of the Section above. Of course, if tag-
ging efficiency better than the 10! 4 level can be achieved, the statistical
uncertainty might become comparable with the systematics we are inves-
tigating. Furthermore other experimental considerations might require
the use of a larger range than the very end of the tail that we used. For
instance in the CMS analysis [30] the mBℓ range used in the fit resulted
in ϵtail ∼ 0.1, using a range would further contribute to lower statisti-
cal uncertainties. In such case the mBℓ endpoint analysis will be more
sensitive to the showering and hadronization parameters and eventually
show sensitivity similar to those obtained for the Mellin analysis and the
experiments will look for the optimal balance.
Because of the several variants of reconstruction, subsystems, and

lepton-hadron pairings that we consider our notation has to keep up
with the complexity. To make our notation more effective, reconstruc-
tion variants, on which we wish to attract the focus, are indicate with ro-
man letter in the math (min, true, ISR, mET). To avoid notational clutter
with unnecessary indexes we denote the fact that we are dealing with
the endpoint of a mass distribution adding a descending accent nota-
tion, m̀, which should be evocative of the straight-line behaviour near
the endpoint.

5.2.2 Results of the dedicated shape analyses

For the energy peak fit we findMontecarlo sensitivity results very close to
those of the Mellin moment analysis, as well as a similar sensitivity of the
two observables to variations of the top quark mass. For what concerns
hadronic and showering uncertainty, this observations puts on the same
footing an extraction of the top quark mass from the Mellin moment or
from a energy peak analysis. In fact the decay of the top quark into a B
hadron t → W+B + hadrons is genuinely multi-body, hence the energy
peak properties that are useful in an analysis of b jets spectra (that arise
mostly from a two-body process t → jbW+ in which jb = B + hadrons)
are not expected to hold.
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M O N T E  C A R L O  C A L I B R AT I O N  TA R G E T S

• αs  needed at 1% 

• all the rest needed at 10% 

Pythia8

Herwig6
• ΛQCD  needed at 10% 
• PSPLT needed at 10% 
• Clustering at O(1)
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• αs  needed at O(1) 

• all the rest borderline 
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single-jet observables

double-jet observables

• some involve jet-energy 

• might be a limitation to 
the calibration
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• Δ ~ 0.1 to make a calibration of parameters that need 10% 

• at least one Δα ~ 1 to get α at 1%
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• Singular Value Decomposition to find 
combination of observable (Oi) that are 
sensitive to combinations of parameters (pi)
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so far ΔRBB and alike are not sensitive to anything?
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• Singular Value Decomposition to find 
combination of observable (Oi) that are 
sensitive to combinations of parameters (pi)
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• Singular Value Decomposition to find 
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O1

O2

O3

O4

O5

O6

O7

O1

O2

O3

O4

O5

O6

O7

0.17

0.33

0.49

0.65

0.81

O! ! 0.64 ! 0.51 ! 0.31 ! 0.46 0.12 ! 0.03 ! 0.05
O" 0.75 ! 0.56 ! 0.27 ! 0.22 0.06 ! 0.03 ! 0.04
O# ! 0.05 ! 0.45 0.75 ! 0.04 ! 0.47 ! 0.07 ! 0.08
O$ 0.13 0.46 ! 0.03 ! 0.75 ! 0.39 ! 0.15 ! 0.19
O% 0.07 0.05 0.29 ! 0.38 0.27 0.46 0.69
O& ! 0.06 ! 0.07 ! 0.43 0.19 ! 0.73 0.32 0.36
O' ! 0.01 ! 0.01 ! 0.04 0.03 ! 0.04 ! 0.81 0.58

O B S E R VA B L E S
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E N E R G Y  D I S T R I B U T I O N  I N  A  J E T  A N N U L U S  



• Transform jet observables into B-hadron observables 
(JES ↔ Hadronization) 

• Generic shape observables sensitive to mt need 
fragmentation models tuning in top quark data 

• End-point observables less sensitive to fragmentation 
(other issues?) 

• mt insensitive observables are often “B”/“jet” ratios ⇒ 
calibration might be limited by jet systematics

S U M M A R Y
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10 4 Top quark mass measurement
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Figure 5: Lepton-SV invariant mass distribution for a combination of all five channels, for
a simulation of three different top quark mass values (166.5, 172.5, and 178.5 GeV), and the
observed data distribution. Note that all possible lepton-vertex combinations for each event
enter the distribution.

The shape of the msvl observable depends considerably on the number of tracks associated
with the secondary vertex, shifting to higher values as more tracks are included. The analysis
is therefore carried out in three exclusive track multiplicity categories of exactly three, four, or
five tracks. Vertices with only two tracks show an increased level of backgrounds and reduced
sensitivity to mt and are therefore excluded from the analysis. Furthermore, when evaluat-
ing systematic uncertainties, the results from the individual categories are assigned weights
corresponding to the observed event yields in each, to absorb any mismodeling of the ver-
tex multiplicity distribution in simulated events. Hence the analysis is carried out in fifteen
mutually exclusive categories—three track multiplicities and five lepton flavor channels—and
combined to yield the final result.

4.2 Signal and background modeling

The observed msvl distributions in each category are fitted with a combination of six individual
components:

– “correct” pairings for the tt signal where leptons and vertices are matched to the
same top quark decay;

– “wrong” pairings for the tt signal where leptons and vertices are matched to the
opposite top quark decay products;

– “unmatched” pairings for the tt signal where leptons are paired with vertices that
cannot be matched to a b quark hadronization, i.e. either from a hadronic W boson
decay or from initial- or final-state radiation;

– “correct” pairings for the single top quark signal;
– “unmatched” pairings for the single top quark signal, where there can be no “wrong”

pairs in the sense of the above;
– leptons and vertices from background processes.

Among those, the “correct” pairings both for tt and single top quarks, and the “wrong” pairings
in the tt signal carry information about the top quark mass and are parametrized as a function

6

TABLE I: Composition of the SLTµ-tagged W +n jets candi-
date sample [12]. The HT > 200 GeV requirement is released
for events with fewer than 3 jets.

Source W+1 jet W+2 jet W+ ≥ 3 jets
W+light flavor 622±31 226±12 52.3±2.6
W+heavy flavor 145±55 66.6±25.2 14.3±5.4
QCD multijet 91.9±16.5 44.9±10.4 6.9±1.5
WW + WZ + ZZ 3.8±0.4 7.0±0.7 1.9±0.3
Drell-Yan→ ττ 2.6±0.6 1.5±0.4 0.6±0.3
Drell-Yan→ µµ 6.0±1.2 4.1±0.9 0.8±0.5
Single top 4.4±0.4 9.0±0.7 2.7±0.2
Total background 876±54 359±24 79.5±5.3
tt̄ (σtt̄ = 9.1 pb) 3.5±0.2 31.8±1.0 168.5±5.3
Data 892 384 248

use the SLTµ candidate that has the best match between
the COT track and the track segment in the muon detec-
tors. No attempt is made to choose the correct pairing
from the decay chain of the two top-quarks. The elec-
tric charge of the SLTµ for instance is not an effective
flavor selector due to abundant sequential b → c → µ
decays. When the wrong pairing is chosen, there is still
sensitivity to the top quark mass due to the boost of the
SLTµ and the PL. The distribution of Mℓµ is given by the
contribution of tt̄ and background events. For the back-
ground, the Mℓµ distribution of QCD multijet events is
derived from the data themselves in the kinematic-region
of I > 0.15, /ET > 30 GeV, topologically close to the sig-
nal region, while for other background sources we use MC
simulation. We check the background model in W+1,2
jet SLTµ-tagged data events, a sample with a similar
composition as the background to tt̄ candidates. We find
the predicted and observed distributions of Mℓµ (Figure
1) to be in agreement with a p-value of 55%, as given by
the Kolmogorov-Smirnov test.

We construct a set of template histograms of the Mℓµ

distribution using the background model and a simula-
tion of tt̄ events. The tt̄ samples are generated with differ-
ent top quark mass values in the range 150–195 GeV/c2,
incrementing by steps of up to 0.5 GeV/c2, and the full
Mℓµ spectra are determined by adding the signal and ex-
pected background histograms in the ratio shown in Ta-
ble I. Figure 2 shows the mean value of the Mℓµ distribu-
tions versus the input top quark mass, indicating a linear
relationship between the two quantities. Also shown is
< Mℓµ >= 35.6 ± 1.1(stat.) GeV/c2, measured in the
data. We perform a binned-likelihood fit to the Mℓµ his-
togram of the data, in 20 bins between 4–100 GeV/c2,
with the binning and range chosen a priori appropriately
to the size of the data sample. The likelihood is defined
as:

− lnL(mt) = −
Nbins
∑

i=1

ndata
i ln

[

nTP
i (mt)

nTP
tot

]

, (1)

where ndata
i and nTP

i (mt) are the number of entries in
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FIG. 1: The predicted and observed M! µ distributions in the
sample of W+1,2 jet SLTµ-tagged events. The predicted dis-
tributions are stacked.

each i-bin of the data and template histograms respec-
tively, the total number of entries is nTP

tot = ndata
tot , and

nTP
i (mt)/nTP

tot ≡ Pi(mt) is the probability of the i-th bin,
normalized such that

∑

i Pi = 1. The background nor-
malization is fixed and its value is varied in the evaluation
of the systematic uncertainty. A parabolic function is fit
to the values of lnL(mt) derived from each mass template,
and the measured top quark mass is determined from the
minimum of the likelihood function, while the statistical
uncertainty is given by the range corresponding to an in-
crease in the −lnL of 0.5 units above the minimum. For
each mass point within the full mass range, we gener-
ate 5000 pseudoexperiments with the same sample size
as that of the data and verify that the fitting procedure
is unbiased and that the statistical uncertainty returned
by the fits represents the 68% confidence level. From 248
tt̄ candidate events, we measure:

mt = 180.5 ± 12.0(stat.) ± 3.6(syst.) GeV/c2. (2)

Figure 3 shows the Mℓµ distribution of the data, the back-
ground, and the templates corresponding to the best fit
and the statistical uncertainty.

The sources of systematic uncertainty that affect the
measured value of the top quark mass are summarized
in Table II. The limited size of the tt̄ samples simulated
with different values of mt, input to the fitting procedure,
yields an uncertainty of ±0.3 GeV/c2. Several compo-
nents enter the uncertainty on the modeling of the back-
ground. The uncertainty on the W+ heavy and light fla-
vor normalizations yields an uncertainty of ±0.5 GeV/c2.

�
(hm`µi)
mt ' 0.3



Figure 4: Representative results on the dependence of the first Mellin
moment of calibration observables on hadronization and showering
parameters: (top) dependence on αs(FSR), (bottom) dependence on
Lund-Bowler rB

definition of the log-derivative that we have tabulated it follows

δMO
MO

= ∆(MO)
θ

δθ

θ

hence observables with larger ∆ are the best diagnostics of the accuracy
of the tunes or, equivalently, the best observables to adjust the tune for
the tt̄ environment.
The radial energy distribution ρ(r) is a most sensitive variable to both

hadronization and shower parameters as it has often the largest ∆. Fur-
thermore we remark that ρ(r) tends to have opposite sign sensitivity com-
pared to that of the other observables, as clearly seen by the opposite
slopes of the lines in Figure 4. This fact is of great practical importance
as it means that it is not possible to exaggerate the change of any pa-
rameter without finding contradiction with either ρ(r) or any of the χB

and pT,B/pT,jb . For some parameters this tendency can be justified, for
instance when increasing αS,FSR is natural to expect more radiation at
larger angles and so the average of ρ(r) to grow, while pT,B decreases
and similarly any of the possible denominators of χB. A similar, but re-
versed, argument goes for pT,min. For hadronization parameters is harder
to have such simple intuition, therefore we have verified that the ten-
dency of ρ(r) to have opposite sensitivity than the rest of the observables
is not an accident of the ranges we explored. Coarse-grained results on
a large range of the hadronization parameters, shown in the bottom row
of Figure 4 for rB, confirm the tendency of ρ(r) to react to changes of
the parameters in an opposite way to “momentum observables” such as
χB and pT,B/pT,jb .
Concerning the tests that can be carried out using accurate measure-

ments of these observables we remark that the measurement of the first
Mellin moment of any observable is informative on αS,FSR in a one-to-
one ratio, i.e. a measurement at 1% would be sensitive to effects com-
mensurate with changes of 1% in αS,FSR. The situation is clearly differ-
ent for pT,min which influences ρ(r) far more than all other observables
and that too in a one-to-ten ratio, i.e. a measurement at 1% would be sen-
sitive to effects commensurate with changes of 10% in pT,min. Hadroniza-
tion parameters appear to be more elusive as they influence all observ-
ables in a ratio about 1-to-30, i.e. a measurement at 1% of the Mellin
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