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Motivation



Top quark: more than just “very heavy”

⌧had ⇠ 7⇥ 10�24 sHadronization time

⌧t ⇠ 5⇥ 10�25 sTop mean lifetime

• Heaviest known particle

• Only quark that does not hadronize

• Top mass crucial to EW precision tests

• Top production major background for 
new-physics searches

• It can form a resonance, almost like 
“real particles”

• Precise value of top mass crucial to 
study the stability of the SM vacuum 
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane (upper left) and in the �–yt plane, in terms of parameter renormalized at the Planck
scale (upper right). Bottom: Zoom in the region of the preferred experimental range of Mh and
Mt (the gray areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to ↵s(MZ) = 0.1184 ± 0.0007, and the grading of the colors indicates the size of the theoretical
error. The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

determined at hadron colliders su↵ers from O(⇤QCD) non-perturbative uncertainties [41]. A

possibility to overcome this problem and, at the same time, to improve the experimental

error on Mt, would be a direct determination of the MS top-quark running mass from ex-

periments, for instance from the tt̄ cross-section at a future e+e� collider operating above

the tt̄ threshold. In this respect, such a collider could become crucial for establishing the

structure of the vacuum and the ultimate fate of our universe.

As far as the RG equations are concerned, the error of ±0.2 GeV is a conservative

estimate, based on the parametric size of the missing terms. The smallness of this error,

compared to the uncertainty due to threshold corrections, can be understood by the smallness

of all the couplings at high scales: four-loop terms in the RG equations do not compete with

finite tree-loop corrections close to the electroweak scale, where the strong and the top-quark

Yukawa coupling are large.

The LHC will be able to measure the Higgs mass with an accuracy of about 100–200

MeV, which is far better than the theoretical error with which we are able to determine the

condition of absolute stability.
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Top quark mass: 
measurements and 

schemes

Colloquium, Paul Scherrer Institute, December 10, 2015 

The Top Quark Mass 

• Reduce parametric uncertainties due to top quark. 
•  Testing ground for our theoretical ability to control strong and electroweak 

interactions to high precision.   



Top quark mass reconstruction
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LCH case (Tevatron is similar)
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basic idea: identify ALL top decay products 

invariant mass distribution
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pole mass + 
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Experimentalist use Parton shower MC to estimate them
Very hard to compute these effects from first principles

Therefore the parameter determined is in fact mMC
t

LCH case (Tevatron is similar)



Overview of parton shower MC

Colloquium, Paul Scherrer Institute, December 10, 2015 

Monte-Carlo Event Generators 

•  Full simulation of all processes. 
•  QCD-inspired:      partly first principles QCD  �  partly model 
•  All experimental aspects can be implemented. 
•  Description power of data better than intrinsic accuracy. 
•  Essential for full simulation of particle collisions and experimental analyses. 

Pythia

Sherpa

Herwig

Geneva

Top mass: mass of top propagator prior to top decay… scheme?

[Figure by D. Zeppenfeld]

Parton shower: QCD resummation at LL of large Sudakov logs
~ partial NLO matrix elements

LL

LL

NLO

N
LO

N
LO

hadron

Hard matrix element: annihilates initial particles into tops + other hard partons



=+ + … 1
/p �m0 �

m0 = bare mass

quark mass defined in context of perturbation theory

Pole scheme: propagator has a pole for /p ! mp

mp = m0 + ⌃(mp,m0) pole mass is µ - independent

Quark masses and schemes in QFT

⌃(p,m0)

independent
has divergences

The whole diagram is 
absorbed into the 
mass definition !!!!

The whole diagram is 
absorbed into the 
mass definition !!!!

Linear sensitivity to infrared momenta leads to 
factorially growing coefficients in perturbation theory 

⌃(m,m) ⇠
X

n

↵n+1
s (2�0)

nn!

asymptotic behavior, but impacts lower orders

Similar behavior in other diagrams for a 
given observable
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MSR mass
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Absorbs into mass parameter UV 
fluctuations from scales > R

mMSR(R = 0) = m
pole

mMSR[R = m(m)] = m(m)

mMSR[R ⇠ ⇤QCD] similar to pole mass or kinetic mass
but without renormalon problem!
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MC mass

mMC
t = (173.34± 0.27stat ± 0.71syst)GeV LHC-Tevatron combination

Let us assume that, to some extent, MC perform ab initio QCD computations

based on [Hoang ‘14]
[Hoang, Stewart ‘08]



MC mass

Let us assume that, to some extent, MC perform ab initio QCD computations

Important fact: MC’s do not include quark self-energy corrections
Therefore one can consider 
these are absorbed into the 
mass parameter…

… but only for energy 
scales above the shower 
cutoff ⇤

shower
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QCD
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[Hoang, Stewart ‘08]

mMC
t = mMSR(R = 1GeV)

mMC
t = (173.34± 0.27stat ± 0.71syst)GeV LHC-Tevatron combination



MC mass

Let us assume that, to some extent, MC perform ab initio QCD computations

Parton shower and hadronization model modify the shape of the distribution 
and further modify the peak location.
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Calibrating the MC mass [Buttenschön, Dehnadi, 
Hoang, Preisser, Stewart]

Strategy:  “measure” the MC mass using a completely independent hadron level 
QCD prediction of a strongly mass-dependent observable. 
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Calibrating the MC mass [Buttenschön, Dehnadi, 
Hoang, Preisser, Stewart]

We will use massive event shapes (jets) as our observable: thrust, HJM, etc…

We will use Pythia as our parton-shower MC… to start with

The MC mass parameter should be process-independent (only MC dependent)
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Full hadronization control: shape function
Full resummation perturbation theory + control: N2LL + NLO



Theoretical setup



⌧ = 1�max

n̂

P
|~pi · n̂|P
|~pi|

Q  = 91.2 GeV
peak

tail far-tail

Continuous transition from 2-jet to 
3-jet, ... multi-jet events

Thrust e+ e� ! jets
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• Single sum
• Requires minimization

Continuous transition from 2-jet to 
3-jet, ... multi-jet events

IR and 
collinear safe

minimizes mass effects, good to fit 
for ↵s



Jettiness e+ e� ! jets

⌧J = 1�max

n̂

P
i |~pi · n̂|
Q

very sensitive to quark mass, good for mass fits !!!

2m2

Q2Shifts the whole distribution by ~

Colloquium, Paul Scherrer Institute, December 10, 2015 

Thrust for Top Production 

peak sensitive to mass… good, Pythia can only be trusted in the peak

Additional analyses on the way: 
C-parameter and HJM, with 
equally good sensitivity

⇠ M2
1 +M2

2

Q2
Q ⌧J ⌧ Q
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Jet formation and evolution

⇡

⇡

⇡

Q2 � Q⇤QCD � ⇤2
QCD

large hierarchy of scales

large logs of ratios

EFT treatment is called for!

hadronization
µ⇤ ⇠ ⇤QCD

soft emissions
µS & ⇤QCD

collinear emissions
µJ ⇠ Q⇤QCD

Hard collision
µh ⇠ Q



Universal Wilson 
Coefficient

Jet function Soft function Nonsingular terms, 
power corrections(

Calculable in 
perturbation theory
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Perturbative and 
nonperturbative 
components
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[Bauer, Lee, Fleming, Sterman]

[Berger, Kuks, Sterman]

Factorization theorem for massless event shapes



Universal Wilson 
Coefficient

Jet function Soft function Nonsingular terms, 
power corrections( (

perturbative

Se = Ŝe ⌦ Fe

nonperturbative & 
perturbative [VM, Thaler, Stewart]

d�

de
=

d�̂

de
⌦ Fe

Leading power correction comes from soft function

1

�0
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= HQ ⇥ Je ⌦ Se +O

⇣
e0,

⇤QCD

Q

⌘
[Bauer, Lee, Fleming, Sterman]

[Berger, Kuks, Sterman]

[Korchemsky & Sterman]

[Korchemsky, Sterman, Tafat]

Calculable in 
perturbation theory

Perturbative and 
nonperturbative 
components

Factorization theorem for massless event shapes



Universal Wilson 
Coefficient

Jet function Soft function Nonsingular terms, 
power corrections( (

1

�0

d�

de
= HQ ⇥ Je ⌦ Se +O

⇣
e0,

⇤QCD

Q

⌘
[Bauer, Lee, Fleming, Sterman]

[Berger, Kuks, Sterman]

Calculable in 
perturbation theory

Perturbative and 
nonperturbative 
components

Factorization theorem for massless event shapes

The factorization theorem needs to be modified to include massive particles

• Explicit mass dependence in matrix elements
• Running with different number of flavors according to thresholds
• Matching to a new EFT in the peak region



Renormalization group evolution
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Use profile function to describe the whole distribution



Renormalization group evolution

hard scale

jet scale

soft scale

⇤QCD

µH ⇠ Q

µJ ⇠ Q
p
⌧

µS ⇠ Q ⌧

local running

non-local running

log

n

✓
Q

µJ

◆

log

n

✓
µJ

µS

◆

log

n
⇣
⇤QCD

µS

⌘



Renormalization group evolution

hard scale

jet scale

soft scale

µH ⇠ Q

µJ ⇠ Q
p
⌧

µS ⇠ Q ⌧

When including massive quarks, a new scale enters the game!

m

Scenario I no heavy quark 
produced
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When including massive quarks, a new scale enters the game!

m

Scenario II relevant for us, 
mas sensitivity
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When including massive quarks, a new scale enters the game!
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Scenario III less mass sensitivity



Renormalization group evolution

hard scale

jet scale

soft scale

µH ⇠ Q

µJ ⇠ Q
p
⌧

µS ⇠ Q ⌧

When including massive quarks, a new scale enters the game!

m

Scenario IV no mass sensitivity
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FIG. 4. Localization of massless (ML) and massive (M) modes together with their mass-shell fluctuations (MM) in the p+-
p−phase space according to their generic scaling for different hierarchies between λ and λM . Modes with the same invariant
mass are located on the same mass hyperbola. This is always the case for the collinear and soft mass-shell fluctuations.

tributions, which we do not further expand if the mass
becomes smaller than any of the other kinematic scales.
This yields a continuous description valid for any scaling
between the mass and the hard, jet or soft scales and is
important when scanning the thrust variable through the
entire allowed spectrum. At this point one might worry
whether the factorization theorems are subject to uncon-
trolled power corrections at the point where two scenarios
are patched together. We show below that this is not the
case and that there is no generic loss of precision where
the transition between different scenarios is carried out.

We stress that the notation, the formulation of the
factorization theorems and the organization of the RG
evolution we employ is associated to the “top-down” evo-
lution, where the scale µ is equal to the ultrasoft scale
µS . Thus only the current and the jet function evolution
factors UH and UJ , respectively, appear in the factor-
ization theorem. This also affects the interpretation and
association of the mass-shell contributions which enter in

the mass mode matching conditions discussed below. In
this RG setting the jet and the soft functions do not re-
ceive any massive quark effects when the jet and ultrasoft
scales, respectively, are below the mass mode matching
scale. Alternative ways to describe RG-evolution related
to different choices for µ are possible and have been dis-
cussed in Ref. [6]. There are consistency conditions that
relate the RG-evolution and the mass mode matching
factors for the different choices of µ. Since the mass M
appears as an additional scale in our mass mode setup,
there are even more possibilities to set up RG-evolution.
Therefore the consistency conditions become more in-
volved, as they also entail relations between mass mode
matching conditions and renormalization group evolution
with different anomalous dimensions and varying flavor
number. As an example, if µ is set to the hard scale,
the jet and soft functions have to be evolved upwards
to larger scales. In this RG setup the jet and soft func-
tions can pick up virtual mass-shell corrections in case

Loops and Legs in Quantum Field Theory, April 27 - Mai 2, 2014 

VFN Scheme: Secondary Massive Quarks 

Scenario 2: 1> λm > λ > λ2   ( Q > m > J > S )  

•  Massive modes only virtual 
•  Jet and soft function as in massless case  
•  Hard coefficient must have massless limit 
•  Known Sudakov problem for massive gauge 

boson 

Chiu, Golf, Kelley, Manohar 
 
 
Chiu, Führer, Hoang, Kelley 
 
 

nl + 1

massless evolution

matching coefficient

soft scale µS

µJ

nl

µm



e+ e�

q̄

Primary Heavy quark production

t

t̄

The jet function now depends 
on the mass in a nontrivial way

(mass has the same power 
counting as jet scale)

Jn(s,m, µJ)

2m2

Q2
by

enhances mass 
sensitivity !!!

In particular shifts the 
whole distribution

[Fleming, Hoang, Mantry, Stewart]

[M. Butenschön, B. Dehnadi,  A. Hoang,  VM, I. Stewart]



e+ e�

q̄

Primary Heavy quark production

t

t̄

New kinematical regime for

New class of logs, match to a new EFT

boosted HQET (or bHQET)

In practice: new 
matching coefficient, 
new jet function, new 
renormalization scale

In this theory one can 
treat finite width effects 
from first principles 
(essential for top, 
irrelevant for bottom)

[M. Butenschön, B. Dehnadi,  A. Hoang,  VM, I. Stewart]

[Fleming, Hoang, Mantry, Stewart]

Q2⌧ � 2m2 ⇠ 2m� ⌧ 2m2

Takes place in Scenario II
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Pythia
QCD

Pythia
QCD

Pythia
QCD

Fits to Pythia data very preliminary

  •  Good description of Pythia 8.2 default output 
with default scale setting NNLL + NLO QCD. 

•  Pythia statistical errors: 107 events 

•  Theory error not included yet. 

•  Increasing discrepancies in distribution tail and 
for higher energies due to off shell effects in NS

•  Excellent sensitivity to the top quark mass.

Theoretical accuracy at NLL / NNLL order
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d⌧ We only compare peak data, since 
otherwise Pythia is not reliable.  Also peak 
gives higher mass sensitivity.
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Fits to Pythia data very preliminary

Excellent sensitivity to the top quark mass Not very sensitive to strong coupling constant
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Confirms that MC top mass is closely related to the 
MSR mass at a scale close to the shower cut !! 

Not very sensitive to strong 
coupling constant
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Conclusions
Top behaves almost as a real particle… but not quite 

Precision physics requires precise top mass scheme 

knowledge 

MC top mass can be calibrated by comparison to a hadron-

level ab initio “QCD calculator” (SCET) 

Electron-positron collision, simplest possible setup. 

Thrust, easy and sensitive observable to start with 

Preliminary fits look promising, full analysis to follow 

very soon !!!
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Heavy quark production through gluon splitting

collinear 
splitting

Jet function modification

if enough energy to produce 
pair of heavy quarks



Scenario III
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FIG. 4. Localization of massless (ML) and massive (M) modes together with their mass-shell fluctuations (MM) in the p+-
p−phase space according to their generic scaling for different hierarchies between λ and λM . Modes with the same invariant
mass are located on the same mass hyperbola. This is always the case for the collinear and soft mass-shell fluctuations.

tributions, which we do not further expand if the mass
becomes smaller than any of the other kinematic scales.
This yields a continuous description valid for any scaling
between the mass and the hard, jet or soft scales and is
important when scanning the thrust variable through the
entire allowed spectrum. At this point one might worry
whether the factorization theorems are subject to uncon-
trolled power corrections at the point where two scenarios
are patched together. We show below that this is not the
case and that there is no generic loss of precision where
the transition between different scenarios is carried out.

We stress that the notation, the formulation of the
factorization theorems and the organization of the RG
evolution we employ is associated to the “top-down” evo-
lution, where the scale µ is equal to the ultrasoft scale
µS . Thus only the current and the jet function evolution
factors UH and UJ , respectively, appear in the factor-
ization theorem. This also affects the interpretation and
association of the mass-shell contributions which enter in

the mass mode matching conditions discussed below. In
this RG setting the jet and the soft functions do not re-
ceive any massive quark effects when the jet and ultrasoft
scales, respectively, are below the mass mode matching
scale. Alternative ways to describe RG-evolution related
to different choices for µ are possible and have been dis-
cussed in Ref. [6]. There are consistency conditions that
relate the RG-evolution and the mass mode matching
factors for the different choices of µ. Since the mass M
appears as an additional scale in our mass mode setup,
there are even more possibilities to set up RG-evolution.
Therefore the consistency conditions become more in-
volved, as they also entail relations between mass mode
matching conditions and renormalization group evolution
with different anomalous dimensions and varying flavor
number. As an example, if µ is set to the hard scale,
the jet and soft functions have to be evolved upwards
to larger scales. In this RG setup the jet and soft func-
tions can pick up virtual mass-shell corrections in case

matching coefficient

massless evolution

soft scale µS

µJ

nl

µm
nl + 1

Loops and Legs in Quantum Field Theory, April 27 - Mai 2, 2014 

VFN Scheme: Secondary Massive Quarks 

Scenario 3: 1 > λ > λm > λ2   ( Q > J > m > S )  

•  Current evolution unchanged w.r. to Scen. 2 
•  Hard coefficient must have massless limit 
•  Jet function has massless limit 
•  Massive and massless collinear in same sector  
•  Collinear mass modes integrated out at m 
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FIG. 1. The types of Feynman diagrams for the O(↵2
sCFTF ) contributions to the soft function with corresponding symmetric

configurations. (a) and (b) are purely virtual, (c) and (d) contain the contributions to real gluon radiation and (e) and (f) the
contributions for the real radiation of a quark-antiquark pair. (a) and (d) vanish due to n · n = 0.

the gluon momenta weighted by the gluon virtuality. So
in the calculation the physical e↵ects associated to the
fact that a massive quark pair is produced from vir-
tual gluon decay can be separated from the computation
of the phase space. This makes the gluon hemisphere
prescription quite simple to compute because it allows
us to perform the computation with the help of disper-
sion integrations over the gluon virtuality as described in
Refs. [27–29]2: As a first step one calculates the O(↵s)
corrections to the partonic soft function coming from the
radiation of a “massive gluon” with momentum p = k+q.
Then, by convoluting the massive gluon result with the
imaginary part of the gluon vacuum polarization function
related to the massive quark cuts in diagrams (e) and (f)
one obtains the O(↵2

sCFTF ) massive quark corrections
in the gluon hemisphere prescription. The calculation is
very generic and it is trivial to determine the e↵ects of
gluon splitting into any other kind of final state, such as
gluino pairs, just to mention one example. Note that the
method applies regardless of whether the physical e↵ects
are related to virtual corrections or real radiation final
states.

To explain the dispersion method for an equal-mass
quark-antiquark pair we start with the gluonic vacuum
polarization ⇧(m2, p2) contribution arising from a mas-

2 The dispersion method is actually well known from numerous
previous multi-loop calculations and renormalon studies, as well
as in phenomenological applications such as the hadronic contri-
butions to g � 2.

sive quark-antiquark bubble,
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with the current JA
µ (x) = igsq̄(x)TA�µq(x), which can be

expressed through an integral over its absorptive part.
The unsubtracted (unrenormalized) dispersion integral
reads
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We call this dispersion relation “unrenormalized” be-
cause it is related to the calculation where the strong
coupling is still unrenormalized (with respect to the ef-
fects of the massive quark flavor). At this point the stan-
dard scheme choices for the renormalization of the strong
coupling are the MS scheme involving the subtraction of
the 1/✏ divergence in ⇧(m2, p2) or the on-shell subtrac-
tion scheme involving the subtraction of ⇧(m2, p2 = 0).
Using the MS scheme means that the massive quark is
active concerning the renormalization group evolution, so
the strong coupling evolves with nf +1 active dynamical
flavors. Using on-shell subtractions means that that the
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FIG. 1. The types of Feynman diagrams for the O(↵2
sCFTF ) contributions to the soft function with corresponding symmetric

configurations. (a) and (b) are purely virtual, (c) and (d) contain the contributions to real gluon radiation and (e) and (f) the
contributions for the real radiation of a quark-antiquark pair. (a) and (d) vanish due to n · n = 0.

the gluon momenta weighted by the gluon virtuality. So
in the calculation the physical e↵ects associated to the
fact that a massive quark pair is produced from vir-
tual gluon decay can be separated from the computation
of the phase space. This makes the gluon hemisphere
prescription quite simple to compute because it allows
us to perform the computation with the help of disper-
sion integrations over the gluon virtuality as described in
Refs. [27–29]2: As a first step one calculates the O(↵s)
corrections to the partonic soft function coming from the
radiation of a “massive gluon” with momentum p = k+q.
Then, by convoluting the massive gluon result with the
imaginary part of the gluon vacuum polarization function
related to the massive quark cuts in diagrams (e) and (f)
one obtains the O(↵2

sCFTF ) massive quark corrections
in the gluon hemisphere prescription. The calculation is
very generic and it is trivial to determine the e↵ects of
gluon splitting into any other kind of final state, such as
gluino pairs, just to mention one example. Note that the
method applies regardless of whether the physical e↵ects
are related to virtual corrections or real radiation final
states.

To explain the dispersion method for an equal-mass
quark-antiquark pair we start with the gluonic vacuum
polarization ⇧(m2, p2) contribution arising from a mas-

2 The dispersion method is actually well known from numerous
previous multi-loop calculations and renormalon studies, as well
as in phenomenological applications such as the hadronic contri-
butions to g � 2.
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µ (x) = igsq̄(x)TA�µq(x), which can be

expressed through an integral over its absorptive part.
The unsubtracted (unrenormalized) dispersion integral
reads
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We call this dispersion relation “unrenormalized” be-
cause it is related to the calculation where the strong
coupling is still unrenormalized (with respect to the ef-
fects of the massive quark flavor). At this point the stan-
dard scheme choices for the renormalization of the strong
coupling are the MS scheme involving the subtraction of
the 1/✏ divergence in ⇧(m2, p2) or the on-shell subtrac-
tion scheme involving the subtraction of ⇧(m2, p2 = 0).
Using the MS scheme means that the massive quark is
active concerning the renormalization group evolution, so
the strong coupling evolves with nf +1 active dynamical
flavors. Using on-shell subtractions means that that the

Soft function 
modification

if enough energy to produce 
pair of heavy quarks
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FIG. 4. Localization of massless (ML) and massive (M) modes together with their mass-shell fluctuations (MM) in the p+-
p−phase space according to their generic scaling for different hierarchies between λ and λM . Modes with the same invariant
mass are located on the same mass hyperbola. This is always the case for the collinear and soft mass-shell fluctuations.

tributions, which we do not further expand if the mass
becomes smaller than any of the other kinematic scales.
This yields a continuous description valid for any scaling
between the mass and the hard, jet or soft scales and is
important when scanning the thrust variable through the
entire allowed spectrum. At this point one might worry
whether the factorization theorems are subject to uncon-
trolled power corrections at the point where two scenarios
are patched together. We show below that this is not the
case and that there is no generic loss of precision where
the transition between different scenarios is carried out.

We stress that the notation, the formulation of the
factorization theorems and the organization of the RG
evolution we employ is associated to the “top-down” evo-
lution, where the scale µ is equal to the ultrasoft scale
µS . Thus only the current and the jet function evolution
factors UH and UJ , respectively, appear in the factor-
ization theorem. This also affects the interpretation and
association of the mass-shell contributions which enter in

the mass mode matching conditions discussed below. In
this RG setting the jet and the soft functions do not re-
ceive any massive quark effects when the jet and ultrasoft
scales, respectively, are below the mass mode matching
scale. Alternative ways to describe RG-evolution related
to different choices for µ are possible and have been dis-
cussed in Ref. [6]. There are consistency conditions that
relate the RG-evolution and the mass mode matching
factors for the different choices of µ. Since the mass M
appears as an additional scale in our mass mode setup,
there are even more possibilities to set up RG-evolution.
Therefore the consistency conditions become more in-
volved, as they also entail relations between mass mode
matching conditions and renormalization group evolution
with different anomalous dimensions and varying flavor
number. As an example, if µ is set to the hard scale,
the jet and soft functions have to be evolved upwards
to larger scales. In this RG setup the jet and soft func-
tions can pick up virtual mass-shell corrections in case

soft scale µS

µJ

µm

nl + 1

Loops and Legs in Quantum Field Theory, April 27 - Mai 2, 2014 

VFN Scheme: Secondary Massive Quarks 

Scenario 4: 1 > λ > λ2 > λm ( Q > J > S > m )  

•  Current evolution unchanged w.r. to Scen. 2 
•  Jet function and evolution as in Scen. 2 
•  Massive and massless coll. modes same sector 
•  Massive and massless soft modes same sector 
•  Hard coefficient, jet and soft function must have 

massless limit 
•  All RG-evolution for (nl+1) flavors  
 

no matching at the mass scale !


