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A PROBLEM

Can we use results of  CMS and ATLAS measurements to argue about the  consistency of the SM and to 
discuss conclusively the stability of the electroweak vacuum? 

Fate of the vacuum

Thus, the lifetime of the Standard Model universe is

⌧SM =

✓
�

V

◆�1/4

= 10139
+102
�51 years (6.27)

That is, to 68% confidence, 1088 < ⌧SM
years

< 10291. To 95% confidence 1058 < ⌧SM
years

< 10549.
To be more clear about what the lifetime means, we can ask a related question: what is

the probability that we would have seen a bubble of decaying universe by now? Using the
space-time volume of our past lightcone [15], (V T )

light-cone
= 0.15

H
4
0
= 3.4 ⇥ 10166 GeV�4 and

the Hubble constant H0 = 67.4 km

s Mpc
= 1.44 ⇥ 10�42 GeV, the probability that we should

have seen a bubble by now is

P =
�

V
(V T )

light-cone
= 10�516

�409
+202 (6.28)

Since the bubbles expand at the speed of light, chances are if we saw such a bubble we would
have been destroyed by it; thus it is reassuring to find the probability of this happening to
be exponentially small.

The phase diagrams in the mt/mh and mt/↵s planes are shown in Fig. 2. In these
diagrams, the boundary between metastability and instability is fixed by P = 1, where P is
the probability that a bubble of true vacuum should have formed without our past lightcone,
as in Eq. (6.28). The boundary between metastability and instability is determined by the
gauge-invariant consistent procedure detailed Section 6.2 (and in [17, 38]). Although the
absolute stability boundary is close to the condition �

? = 0 in Eq. (6.14), it is systematically
higher and a better fit to the curve for �? = �0.0013.

Varying one parameter holding the others fixed, we find that the range of mpole

t , mpole

h
or

↵s for the SM to be in the metastability window are

171.18 <
m

pole

t

GeV
< 177.68, 129.01 >

m
pole

h

GeV
> 111.66, 0.1230 > ↵s(mZ) > 0.1077

(6.29)
Numbers on the left in these ranges are for absolute stability and on the right for metasta-
bility.

To be absolutely stable, the bounds on the parameters are
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Figure 2: (Top) phase diagram for stability in the m
pole

t /m
pole

h
plane and closeup of the SM

region. Ellipses show the 68%, 95% and 99% contours based on the experimental uncertain-
ties on m

pole

t and m
pole

h
. The shaded bands on the phase boundaries, framed by the dashed

lines and centered on the solid lines, are combinations of the ↵s experimental uncertainty
and the theory uncertainty. (Bottom) phase diagram in the m

pole

t /↵s(mZ) plane, with un-
certainty on the boundaries given by combinations of uncertainty on m

pole

h
and theory. The

dotted line on the right plots is the naive absolute stability prediction using Eq. (6.14).
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(To rule out absolute stability: reduce top quark mass uncertainty below 250 MeV)

State of the art: [Andreassen, 
Frost, Schwartz ’17]

Uncertainty equal parts mt, 
αs, threshold corrections
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Figure 2: Upper: RG evolution of � (left) and of �� (right) varying Mt, ↵3(MZ), Mh by
±3�. Lower: Same as above, with more “physical” normalisations. The Higgs quartic coupling
is compared with the top Yukawa and weak gauge coupling through the ratios sign(�)

p
4|�|/yt

and sign(�)
p

8|�|/g2, which correspond to the ratios of running masses mh/mt and mh/mW ,
respectively (left). The Higgs quartic �-function is shown in units of its top contribution, ��(top
contribution) = �3y4

t
/8⇡2 (right). The grey shadings cover values of the RG scale above the

Planck mass MPl ⇡ 1.2⇥ 1019 GeV, and above the reduced Planck mass M̄Pl = MPl/
p
8⇡.
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SM Higgs quartic runs negative in UV, 
implying metastability/instability[Buttazzo et al. 1307.3536]

[Andreassen, Frost, Schwartz ’17]

[Cabibbo, Maiani, Parisi, Petronzio, '79; 
Hung '79; Lindner 86; Sher '89; …]

Stable EW vacuum requires 

mt = 173± 0.76 GeV
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extraction of mt from �tt̄ at 13 TeV

arXiv:1812.10505

• same procedure used to extract top
mass in MS scheme, mt(mt)

results for mt(mt)

• first direct determination of mt(mt)
(uncertainty ' 1.2%)

• lower mt result with ABMP16 due to
lower ↵S(MZ) in PDF determination

mt(mt) = 161.6 +1.6
�1.9 GeV (ABMP16)

pole mass extraction

• calculations with Top++2.0
(NNLO+NNLL)

• results consistent with previous
measurements of mpole

t

PDF set mpole

t
[GeV]

ABMP16 169.9 ± 1.8 (fit + PDF + aS)
+0.8

�1.2
(scale)

NNPDF3.1 173.2 ± 1.9 (fit + PDF + aS)
+0.9

�1.3
(scale)

CT14 173.7 ± 2.0 (fit + PDF + aS)
+0.9

�1.4
(scale)

MMHT14 173.6 ± 1.9 (fit + PDF + aS)
+0.9

�1.4
(scale)

Matteo M. Defranchis Deutsches Elektronen-Synchrotron (DESY)

CMS (talk by Defranchis)



MODELLING TOP PRODUCTION AND DECAY

Ravasio, Jezo, Nason, Oleari

Top quark mass is extracted from measurements of various observables in processes with top quarks. Important to 
understand if the existing modelling of top production is up to the task.  Can be studied by comparing available 
generators that are becoming very sophisticated.  Moderate differences may be observed (except for PYTHIA/
HERWIG for some observables). 

hvq: NLO in production

tTdec: NLO production 
and decay,  narrow 
width

bB4l: full NLO, off-shell

Generators
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Figure 15. Logarithmic energy distribution obtained with the three generators interfaced to
Pythia8.2, together with their polynomial fit, in the range displayed in the figure. The value
of Emax

bj
for each generator is also reported.

MEC MEC � no MEC

bb̄4` 71.200± 0.081 GeV +170± 115 MeV

tt̄dec 71.361± 0.062 GeV �69± 87 MeV

hvq 70.744± 0.064 GeV +1937± 92 MeV

Table 15. Ebj peak position obtained with the three generators showered with Pythia8.2. The
di↵erences between the peak positions extracted by switching on and o↵ the matrix-element cor-
rections are also shown.

tt̄dec generators are compatible within the statistical errors. On the other hand, the hvq

generator yields a prediction which is roughly 460 ± 100 MeV smaller than the bb̄4` one.

We thus observe that the jet modeling implemented by Pythia8.2 with MEC seems to

yield slightly less energetic jets. An e↵ect going in the same direction was also observed for

the mWbj observable (see Tab. 6, the first column of the results with smearing), although

to a smaller extent.

In Tab. 15 we have collected the values of Emax
bj

computed with MEC, and the di↵er-

ences between the results with and without MEC. We notice that the MEC setting has

little impact in the bb̄4` and tt̄dec cases. On the other hand, in the hvq case the absence

of MEC would have lead to an E
max
bj

value about 2 GeV smaller than with MEC. We take

this as another indication that the implementation of radiation in top decay using MEC

– 32 –

Emax
bj

=
m2

t �m2
W +m2

b

2mt
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% � bb̄4` (µR, µF) PDF ↵S stat

bb̄4` +0 MeV +22
�15 MeV - ±35 MeV ±81 MeV

tt̄dec +161 MeV +22
�24 MeV - ±17 MeV ±62 MeV

hvq �456 MeV +32
�47 MeV ±30 MeV ±25 MeV ±64 MeV

Table 16. Theoretical uncertainties for the Ebj peak position obtained with the three generators
showered with Pythia8.2. The last column reports the statistical uncertainty of our results.

leads to results that are much closer to the NLO+PS ones.

In Tab. 16 we summarize our results together with the scale, PDF and ↵S uncertainties,

that are extracted with a procedure analogous to one described for the mWbj observable.

We also report the corresponding statistical errors of our results. We see that scale and

PDF variations have negligible impact on our observable, the only important change being

associated with the choice of the NLO+PS generator.

We notice that our errors on scale and PDF variations are much smaller than our

statistical errors. On the other hand, these variations are performed by reweighting tech-

niques, that, because of correlations, lead to errors in the di↵erences that are much smaller

than the error on the individual term. In view of the small size of these variations, we do

not attempt to perform a better estimate of their error. On the other hand, the variation

of ↵S do not benefit from this cancellation, and are all below the statistical uncertainties.

As previously done for mWbj , we have also investigated the dependence of the b-jet

peak positions on the jet radius. The results are summarized in Tab. 17. While we observe

R = 0.4 R = 0.5 R = 0.6

bb̄4` 67.792± 0.089 GeV 71.200± 0.081 GeV 74.454± 0.076 GeV

tt̄dec � bb̄4` +365± 110 MeV +161± 102 MeV +75± 97 MeV

hvq � bb̄4` �563± 110 MeV �456± 103 MeV �323± 97 MeV

Table 17. Ebj peak position obtained with the bb̄4` generator showered with Pythia8.2, for three
choices of the jet radius. The di↵erences with the tt̄dec and the hvq generators are also shown.

a marked change in E
max
bj

, that grows by 3.4 and 3.3 GeV when going from R = 0.4 to 0.5

and from 0.5 to 0.6 respectively, tt̄dec and hvq di↵er by bb̄4` by much smaller amounts. It

is not clear whether such small di↵erences could be discriminated experimentally.

According to eqs. (5.4) and (7.4), the uncertainties that a↵ect the value of the extracted

top mass are nearly twice the uncertainties on the b-jet energy. Considering the di↵erence

for R = 0.5 between hvq and bb̄4` in Tab. 17, we see that, by using hvq instead of bb̄4`,

the extracted top mass would be roughly 900 MeV larger. This should be compared with

the corresponding di↵erence of about 150 MeV, that is shown in Tab. 7, for the smeared

mWbj case.

As before, we have checked the sensitivity of our result to variations in the match-

ing procedure in Pythia8.2, by studying the di↵erence between ScaleResonance and

– 33 –
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Fig. 1. Representative Feynman diagrams contributing to the leading order process

gg → e+νeµ−ν̄µbb̄ at O(α2
sα

4), with different off-shell intermediate states: double-,

single-, and non-resonant top quark contributions.

2. Numerical Results

The process pp(pp̄) → tt̄ + X → W+W−bb̄ + X → e+νeµ−νµbb̄ + X
is considered, both at the TeVatron run II and the LHC i.e. at a center-
of-mass energy of

√
s = 1.96 TeV and

√
s = 7 TeV correspondingly. The

Standard Model parameters are as follows:

mW = 80.398 GeV, ΓW = 2.141 GeV (2.1)

mZ = 91.1876 GeV, ΓZ = 2.4952 GeV (2.2)

Gµ = 1.16639 × 10−5 GeV−2 (2.3)



A PROBLEM

Top mass

Citation: C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016) and 2017 update

tttt I (JP ) = 0(1
2
+)

Charge = 2
3 e Top = +1

Mass (direct measurements) m = 173.1 ± 0.6 GeV [a,b] (S = 1.6)
Mass from cross-section measurements) m = 160+5

−4 GeV [a]

Mass (Pole from cross-section measurements) m = 173.5 ± 1.1 GeV
mt − mt = −0.2 ± 0.5 GeV (S = 1.1)
Full width Γ = 1.41+0.19

−0.15 GeV (S = 1.4)

Γ
(

W b
)

/Γ
(

W q (q = b, s, d)
)

= 0.957 ± 0.034 (S = 1.5)

t-quark EW Couplingst-quark EW Couplingst-quark EW Couplingst-quark EW Couplings

F0 = 0.685 ± 0.020
F− = 0.320 ± 0.013
F+ = 0.002 ± 0.011
FV +A < 0.29, CL = 95%

p

t DECAY MODESt DECAY MODESt DECAY MODESt DECAY MODES Fraction (Γi /Γ) Confidence level (MeV/c)

t → W q (q = b, s, d) –
t → W b –

t → ℓνℓ anything [c,d] ( 9.4±2.4) % –
t → e νe b (13.3±0.6) % –
t → µνµ b (13.4±0.6) % –
t → qq b (66.5±1.4) % –

∆T = 1 weak neutral current (T1) modes∆T = 1 weak neutral current (T1) modes∆T = 1 weak neutral current (T1) modes∆T = 1 weak neutral current (T1) modes

t → Z q (q=u,c) T1 [e] < 5 × 10−4 95% –
t → ℓ+qq′ (q=d ,s,b; q′=u,c) < 1.6 × 10−3 95% –

b′ (4th Generation) Quark, Searches forb′ (4th Generation) Quark, Searches forb′ (4th Generation) Quark, Searches forb′ (4th Generation) Quark, Searches for

Mass m > 190 GeV, CL = 95% (pp, quasi-stable b′)
Mass m > 755 GeV, CL = 95% (pp, neutral-current decays)
Mass m > 675 GeV, CL = 95% (pp, charged-current decays)
Mass m > 46.0 GeV, CL = 95% (e+ e−, all decays)

HTTP://PDG.LBL.GOV Page 2 Created: 5/30/2017 17:13

What exactly has been measured? 

�7

Top quark  is the only quark (and the only particle for  that matter) that officially got 
THREE(!)  different masses according to PDG!



TALKING POINTS 

1. A mass parameter extracted from a measurement depends mostly on an observable rather than a 
simulation tool.  

3. Another important issue is to understand modelling limitations of parton shower event generators. 
A recent study suggests that  the peak of a thrust distribution of boosted top-initiated jet is shifted 
relative  to the top quark mass squared.   The shift itself may be mass-dependent.  What are the 
consequences of this observation? 

2. It is very important to understand  non-perturbative effects and how they may affect the mass 
measurements.  Resurrection of renormalons. 

�8

4. The top quark width should soften the IR sensitivity. Are there implications of top instability 
for top quark dynamics (point 3) and for sensitivities of various observables to non-perturbative 
physics? 



DIFFERENT  MASSES 

We  think about the top quark mass as a parameter of the Lagrangian and define it according to a particular 
renormalization ``scheme’’.  Depending on the choice of scale and the exact definition, we get different mass 
parameters from MS-bar to low-scale short-distance masses (kinetic, potential-subtracted, 1S etc.). 

G(p,m) ⇠ 1

p2 �m2
<latexit sha1_base64="heIj0IOh3qW6nroBXIU4WuENwUo=">AAACCHicbVC7SgNBFL0bXzG+Vi0tHAxCBA27aUxhEbDQMoJ5QF7MTmaTwZndZWZWCEvAJo2/YmOhiK2lpZ1/4+RRaOKBC4dz7uXee7yIM6Ud59tKLS2vrK6l1zMbm1vbO/buXlWFsSS0QkIeyrqHFeUsoBXNNKf1SFIsPE5r3t3l2K/dU6lYGNzqQURbAvcC5jOCtZE69uFVLjoVJ6ipmEBNX2KSuMMkahfQGRLtwrBjZ528MwFaJO6MZEvFz9EDAJQ79lezG5JY0EATjpVquE6kWwmWmhFOh5lmrGiEyR3u0YahARZUtZLJI0N0bJQu8kNpKtBoov6eSLBQaiA80ymw7qt5byz+5zVi7RdbCQuiWNOATBf5MUc6RONUUJdJSjQfGIKJZOZWRPrYpKFNdhkTgjv/8iKpFvKuk3dvTBoXMEUaDuAIcuDCOZTgGspQAQIjeIIXeLUerWfrzXqftqas2cw+/IH18QPbb5on</latexit><latexit sha1_base64="Q2OqE/N3zDz23vHsTA62LFUX45A=">AAACCHicbVC7SgNBFJ2Nrxhfq5YWDgYhgobdNKawCFhoGcE8IJuE2clsMmRmd5mZFcKyZRBsbfwHGwtFbC0t7Sz8FyePQhMPXDiccy/33uOGjEplWV9GamFxaXklvZpZW9/Y3DK3d6oyiAQmFRywQNRdJAmjPqkoqhiph4Ig7jJSc/vnI792Q4SkgX+tBiFpctT1qUcxUlpqm/sXufCYH0FHUg4dTyAc20kctgrwBPJWIWmbWStvjQHniT0l2VLxY3h7//1QbpufTifAESe+wgxJ2bCtUDVjJBTFjCQZJ5IkRLiPuqShqY84kc14/EgCD7XSgV4gdPkKjtXfEzHiUg64qzs5Uj05643E/7xGpLxiM6Z+GCni48kiL2JQBXCUCuxQQbBiA00QFlTfCnEP6TSUzi6jQ7BnX54n1ULetvL2lU7jDEyQBnvgAOSADU5BCVyCMqgADIbgETyDF+POeDJejbdJa8qYzuyCPzDefwCbr5w2</latexit><latexit sha1_base64="Q2OqE/N3zDz23vHsTA62LFUX45A=">AAACCHicbVC7SgNBFJ2Nrxhfq5YWDgYhgobdNKawCFhoGcE8IJuE2clsMmRmd5mZFcKyZRBsbfwHGwtFbC0t7Sz8FyePQhMPXDiccy/33uOGjEplWV9GamFxaXklvZpZW9/Y3DK3d6oyiAQmFRywQNRdJAmjPqkoqhiph4Ig7jJSc/vnI792Q4SkgX+tBiFpctT1qUcxUlpqm/sXufCYH0FHUg4dTyAc20kctgrwBPJWIWmbWStvjQHniT0l2VLxY3h7//1QbpufTifAESe+wgxJ2bCtUDVjJBTFjCQZJ5IkRLiPuqShqY84kc14/EgCD7XSgV4gdPkKjtXfEzHiUg64qzs5Uj05643E/7xGpLxiM6Z+GCni48kiL2JQBXCUCuxQQbBiA00QFlTfCnEP6TSUzi6jQ7BnX54n1ULetvL2lU7jDEyQBnvgAOSADU5BCVyCMqgADIbgETyDF+POeDJejbdJa8qYzuyCPzDefwCbr5w2</latexit><latexit sha1_base64="++bqY/K9Ta9cokmoTkVWxLgHYhQ=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahgpakG124KLjQZQX7gCYtk+mkHZyZhJmJUEKWbvwVNy4UcesnuPNvnLZZaOuBC4dz7uXee4KYUaUd59sqLC2vrK4V10sbm1vbO/buXktFicSkiSMWyU6AFGFUkKammpFOLAniASPt4P5q4rcfiFQ0End6HBOfo6GgIcVIG6lvH15X4lN+Aj1FOfRCiXDqZmncq8EzyHu1rG+XnaozBVwkbk7KIEejb395gwgnnAiNGVKq6zqx9lMkNcWMZCUvUSRG+B4NSddQgThRfjp9JIPHRhnAMJKmhIZT9fdEirhSYx6YTo70SM17E/E/r5vo8MJPqYgTTQSeLQoTBnUEJ6nAAZUEazY2BGFJza0Qj5BJQ5vsSiYEd/7lRdKqVV2n6t465fplHkcRHIAjUAEuOAd1cAMaoAkweATP4BW8WU/Wi/VufcxaC1Y+sw/+wPr8AcgZl+A=</latexit>

Normally, we associate particle masses with poles in propagators.  This does not work for quarks  beyond 
fixed-order perturbation theory.   Obscure issue for the top quark since it is very heavy and very unstable. 

mpole = mbare +
4

3

1Z

0

d3~k

4⇡2

↵s(|~k|)
~k2

w(|~k|,m)

<latexit sha1_base64="lel5iZZiMQkgVxi13CSa+vWhbDk="></latexit><latexit sha1_base64="yE+wPBUT38OYLFWbRRIni6tKBk4="></latexit><latexit sha1_base64="yE+wPBUT38OYLFWbRRIni6tKBk4="></latexit><latexit sha1_base64="rxWLmNAUfpcxmH+rx+yLK2Bl8ac="></latexit>

↵s(|~k|) ⇡
⇤2
QCD

~k2 � ⇤2
QCD

<latexit sha1_base64="lsjicd8SyNc9wMqoDtPLl4m5Oy4="></latexit><latexit sha1_base64="Ig/sclQSbOcSiLhHgDYEqnRv/mo="></latexit><latexit sha1_base64="Ig/sclQSbOcSiLhHgDYEqnRv/mo="></latexit><latexit sha1_base64="+UFgQTn0xZC3ux2jFY3krYGhqF0="></latexit>

m(µ) = mbare +
4

3

1Z

µ

d3~k

4⇡2

↵s(|~k|)
~k2

w(|~k|,m)

<latexit sha1_base64="Sby2//9gPiS6F8l13ztbBAotuuc="></latexit><latexit sha1_base64="5frAHs1gU7Pditkuxx5haAsG50M="></latexit><latexit sha1_base64="5frAHs1gU7Pditkuxx5haAsG50M="></latexit><latexit sha1_base64="fwP4bsbWf55DToM2Qs58Fwg8XzA="></latexit>

mpole = m(µ) +
4

3

µZ

0

d3~k

4⇡2

↵s(|~k|)
~k2

<latexit sha1_base64="+y9nus76vyW3UmVQUO7TzGxU8zw="></latexit><latexit sha1_base64="XsWLpV/k8g8J2brgfi1MMK9K4iQ="></latexit><latexit sha1_base64="XsWLpV/k8g8J2brgfi1MMK9K4iQ="></latexit><latexit sha1_base64="wKaaB4dcOPaLbAPVpNVK/smQe6k="></latexit>

w(|~k|,m) ⇡ 1, |~k|  m
<latexit sha1_base64="QTsjaBwKUgsskejuCPJykH8J2W0=">AAACF3icbVDLSgNBEOz1GeMr6lEPg0FQkLDrRUEPAS8eI5gHZEOYnXR0yMzuMjMbDavf4MWLv+LFgyJe9ebfOJtE8FVNQ1HVzUxXEAuujet+OBOTU9Mzs7m5/PzC4tJyYWW1pqNEMayySESqEVCNgodYNdwIbMQKqQwE1oPecebX+6g0j8IzM4ixJel5yLucUWOldqF0uX3t95GR3vWu3CE+jWMVXRFvl/iHWZEvl/gCiWwXim7JHYL8Jd6YFMsbtz4BgEq78O53IpZIDA0TVOum58amlVJlOBN4k/cTjTFlPXqOTUtDKlG30uFdN2TLKh3SjZTt0JCh+n0jpVLrgQzspKTmQv/2MvE/r5mY7kEr5WGcGAzZ6KFuIoiJSBYS6XCFzIiBJZQpbv9K2AVVlBkbZd6G4P0++S+p7ZU8t+Sd2jSOYIQcrMMmbIMH+1CGE6hAFRjcwQM8wbNz7zw6L87raHTCGe+swQ84b587rp7h</latexit><latexit sha1_base64="lDo7jlxZxk1RU9It+SI4wtW6s68=">AAACF3icbVDLSgMxFM3UV62vqktdBItQoZQZNwq6KLhxWcE+oFNKJr1tQ5OZIclUS9tv6MaNv+JGUBG3uvND3Js+BG09lwuHc+4luccLOVPatj+t2MLi0vJKfDWxtr6xuZXc3imqIJIUCjTggSx7RAFnPhQ00xzKoQQiPA4lr30x8ksdkIoF/rXuhlAVpOmzBqNEG6mWzN6k+24HKG73M+IIuyQMZXCLnQx2z0aFf1zscsCilkzZWXsMPE+cKUnl9odu+utpmK8lP9x6QCMBvqacKFVx7FBXe0RqRjkMEm6kICS0TZpQMdQnAlS1N75rgA+NUseNQJr2NR6rvzd6RCjVFZ6ZFES31Kw3Ev/zKpFunFZ7zA8jDT6dPNSIONYBHoWE60wC1bxrCKGSmb9i2iKSUG2iTJgQnNmT50nxOOvYWefKpHGOJoijPXSA0shBJyiHLlEeFRBFd+gBPaMX6956tF6tt8lozJru7KI/sN6/AVCFoS8=</latexit><latexit sha1_base64="lDo7jlxZxk1RU9It+SI4wtW6s68=">AAACF3icbVDLSgMxFM3UV62vqktdBItQoZQZNwq6KLhxWcE+oFNKJr1tQ5OZIclUS9tv6MaNv+JGUBG3uvND3Js+BG09lwuHc+4luccLOVPatj+t2MLi0vJKfDWxtr6xuZXc3imqIJIUCjTggSx7RAFnPhQ00xzKoQQiPA4lr30x8ksdkIoF/rXuhlAVpOmzBqNEG6mWzN6k+24HKG73M+IIuyQMZXCLnQx2z0aFf1zscsCilkzZWXsMPE+cKUnl9odu+utpmK8lP9x6QCMBvqacKFVx7FBXe0RqRjkMEm6kICS0TZpQMdQnAlS1N75rgA+NUseNQJr2NR6rvzd6RCjVFZ6ZFES31Kw3Ev/zKpFunFZ7zA8jDT6dPNSIONYBHoWE60wC1bxrCKGSmb9i2iKSUG2iTJgQnNmT50nxOOvYWefKpHGOJoijPXSA0shBJyiHLlEeFRBFd+gBPaMX6956tF6tt8lozJru7KI/sN6/AVCFoS8=</latexit><latexit sha1_base64="XnNTGQwnI3QtUyLGDKUP7oHkf+o=">AAACF3icbVDLSgMxFM34rPU16tJNsAgVSplxo6CLghuXFewDOqVk0ts2NJkZkky1tP0LN/6KGxeKuNWdf2OmHUFbz+XC4Zx7Se7xI86Udpwva2l5ZXVtPbOR3dza3tm19/arKowlhQoNeSjrPlHAWQAVzTSHeiSBCJ9Dze9fJX5tAFKxMLjVwwiagnQD1mGUaCO17OJdfuwNgOL+uCBOsEeiSIb32C1g7yIp/ONijwMWLTvnFJ0p8CJxU5JDKcot+9NrhzQWEGjKiVIN14l0c0SkZpTDJOvFCiJC+6QLDUMDIkA1R9O7JvjYKG3cCaXpQOOp+ntjRIRSQ+GbSUF0T817ifif14h157w5YkEUawjo7KFOzLEOcRISbjMJVPOhIYRKZv6KaY9IQrWJMmtCcOdPXiTV06LrFN0bJ1e6TOPIoEN0hPLIRWeohK5RGVUQRQ/oCb2gV+vRerberPfZ6JKV7hygP7A+vgFWWp16</latexit>

mpole = m(µ) +
4

3
↵s(µ) µ

<latexit sha1_base64="WLPApjvLACmZNf7Ms+56Rlouw/A="></latexit><latexit sha1_base64="x8FQAG6x6exSav0ioxj43qdywe8="></latexit><latexit sha1_base64="x8FQAG6x6exSav0ioxj43qdywe8="></latexit><latexit sha1_base64="G6O5r3tTdkv/487JkYYAJNWnhpg=">AAACIHicbVDLSgMxFM3UV62vUZdugkWoCGVGhQoqFNy4rGAf0ClDJs20oclMSDJCGeZT3Pgrblwoojv9GtN2Ftp6IORwzr3ce08gGFXacb6swtLyyupacb20sbm1vWPv7rVUnEhMmjhmsewESBFGI9LUVDPSEZIgHjDSDkY3E7/9QKSicXSvx4L0OBpENKQYaSP5do37qSc5FDEjGbyGvOLx5BieQC+UCKfnWXqWQQ8xMUS+mnnepfl8u+xUnSngInFzUgY5Gr796fVjnHASacyQUl3XEbqXIqkpNqNLXqKIQHiEBqRraIQ4Ub10emAGj4zSh2EszYs0nKq/O1LElRrzwFRypIdq3puI/3ndRIcXvZRGItEkwrNBYcKgjuEkLdinkmDNxoYgLKnZFeIhMslok2nJhODOn7xIWqdV16m6d065fpXHUQQH4BBUgAtqoA5uQQM0AQaP4Bm8gjfryXqx3q2PWWnBynv2wR9Y3z8RW6Gh</latexit>

⇤QCD ⌧ µ
<latexit sha1_base64="qJditQJHl3TxDkBOLAsyLiqmvTM=">AAACAnicbVC7SgNBFL0bXzG+Vq3EZjAIVmHXRguLQCwsFBI0D8guy+xkkgyZ2V1mZoWwBBt/xcZCEVu/ws7OT3HyKDTxwMDhnHO5c0+YcKa043xZuaXlldW1/HphY3Nre8fe3WuoOJWE1knMY9kKsaKcRbSumea0lUiKRchpMxxUxn7znkrF4uhODxPqC9yLWJcRrI0U2AfetQl3cJB5UqBa5XKEPM6RJ9LALjolZwK0SNwZKZbRze03AFQD+9PrxCQVNNKEY6XarpNoP8NSM8LpqOCliiaYDHCPtg2NsKDKzyYnjNCxUTqoG0vzIo0m6u+JDAulhiI0SYF1X817Y/E/r53q7rmfsShJNY3IdFE35UjHaNwH6jBJieZDQzCRzPwVkT6WmGjTWsGU4M6fvEgapyXXKbk108YFTJGHQziCE3DhDMpwBVWoA4EHeIIXeLUerWfrzXqfRnPWbGYf/sD6+AF7IphU</latexit><latexit sha1_base64="ODkd01kxlhdKd7rAcwws9URXMVk=">AAACAnicbVDLSgMxFM34rPU16krcBIvgqsy40YWLQkVcKLRoH9AZhkwm04YmmSHJCGUobvwVNy4UcetXuPMr/AXTx0JbDwQO55zLzT1hyqjSjvNlLSwuLa+sFtaK6xubW9v2zm5TJZnEpIETlsh2iBRhVJCGppqRdioJ4iEjrbBfHfmteyIVTcSdHqTE56graEwx0kYK7H3v2oQjFOSe5LBevRhCjzHo8SywS07ZGQPOE3dKShV4c/vd9y9rgf3pRQnOOBEaM6RUx3VS7edIaooZGRa9TJEU4T7qko6hAnGi/Hx8whAeGSWCcSLNExqO1d8TOeJKDXhokhzpnpr1RuJ/XifT8ZmfU5Fmmgg8WRRnDOoEjvqAEZUEazYwBGFJzV8h7iGJsDatFU0J7uzJ86R5Unadsls3bZyDCQrgAByCY+CCU1ABV6AGGgCDB/AEXsCr9Wg9W2/W+yS6YE1n9sAfWB8/+DKZcQ==</latexit><latexit sha1_base64="ODkd01kxlhdKd7rAcwws9URXMVk=">AAACAnicbVDLSgMxFM34rPU16krcBIvgqsy40YWLQkVcKLRoH9AZhkwm04YmmSHJCGUobvwVNy4UcetXuPMr/AXTx0JbDwQO55zLzT1hyqjSjvNlLSwuLa+sFtaK6xubW9v2zm5TJZnEpIETlsh2iBRhVJCGppqRdioJ4iEjrbBfHfmteyIVTcSdHqTE56graEwx0kYK7H3v2oQjFOSe5LBevRhCjzHo8SywS07ZGQPOE3dKShV4c/vd9y9rgf3pRQnOOBEaM6RUx3VS7edIaooZGRa9TJEU4T7qko6hAnGi/Hx8whAeGSWCcSLNExqO1d8TOeJKDXhokhzpnpr1RuJ/XifT8ZmfU5Fmmgg8WRRnDOoEjvqAEZUEazYwBGFJzV8h7iGJsDatFU0J7uzJ86R5Unadsls3bZyDCQrgAByCY+CCU1ABV6AGGgCDB/AEXsCr9Wg9W2/W+yS6YE1n9sAfWB8/+DKZcQ==</latexit><latexit sha1_base64="0s14gmLKxERc0G1iJz2TO8Fge1k=">AAACAnicbVC7SgNBFL0bXzG+Vq3EZjAIVmHXRguLQCwsLBIwMZBdltnZ2WTIzO4yMyuEJdj4KzYWitj6FXb+jZNHoYkHBg7nnMude8KMM6Ud59sqrayurW+UNytb2zu7e/b+QUeluSS0TVKeym6IFeUsoW3NNKfdTFIsQk7vw2Fj4t8/UKlYmtzpUUZ9gfsJixnB2kiBfeTdmnCEg8KTArUa12PkcY48kQd21ak5U6Bl4s5JFeZoBvaXF6UkFzTRhGOleq6Tab/AUjPC6bji5YpmmAxxn/YMTbCgyi+mJ4zRqVEiFKfSvESjqfp7osBCqZEITVJgPVCL3kT8z+vlOr70C5ZkuaYJmS2Kc450iiZ9oIhJSjQfGYKJZOaviAywxESb1iqmBHfx5GXSOa+5Ts1tOdX61byOMhzDCZyBCxdQhxtoQhsIPMIzvMKb9WS9WO/WxyxasuYzh/AH1ucP86iWdA==</latexit>

�mpole ⇠ ⇤QCD
<latexit sha1_base64="MUiZ/m6N64oZ+nuCcb3OOcKXrc4=">AAACGXicbVC7TsMwFL0pr1JeBUYWiwqJqUpYYGCoVAYGkFpBH1ITRY7jtlbtJLIdpCrqb7DwKywMIMQIExufgpt2gMKRLB2fc6+v7wkSzpS27U+rsLS8srpWXC9tbG5t75R399oqTiWhLRLzWHYDrChnEW1ppjntJpJiEXDaCUb1qd+5o1KxOLrV44R6Ag8i1mcEayP5ZTtzpUBuSLnGEyT8/JrEnE6Qq5hxrsxbIZ7pzfrFxC9X7KqdA/0lzpxUauj65gsAGn753Q1jkgoaacKxUj3HTrSXYakZMWNKbqpogskID2jP0AgLqrws32yCjowSon4szYk0ytWfHRkWSo1FYCoF1kO16E3F/7xeqvtnXsaiJNU0IrNB/ZQjHaNpTChkkhLNx4ZgIpn5KyJDLDHRJsySCcFZXPkvaZ9UHbvqNE0a5zBDEQ7gEI7BgVOowSU0oAUE7uERnuHFerCerFfrbVZasOY9+/AL1sc3fYqiFQ==</latexit><latexit sha1_base64="ObrzSF3V+behpLUk9YmhiYqhlYg=">AAACGXicbVC7TsMwFHXKq5RXgJHFokJiqhIWGBgqFSEGkFpBH1ITRY7jtFbtJLIdpCrqb7DwKywMIMQIE1/BL+AmHaDlSJaOz7nX1/f4CaNSWdaXUVpaXlldK69XNja3tnfM3b2OjFOBSRvHLBY9H0nCaETaiipGeokgiPuMdP1RY+p374mQNI7u1DghLkeDiIYUI6Ulz7QyR3DoBIQpNIHcy69JzMgEOpJq51q/FaBCbzUuJp5ZtWpWDrhI7Bmp1uHN7ffIvWx65ocTxDjlJFKYISn7tpUoN0NCUazHVJxUkgThERqQvqYR4kS6Wb7ZBB5pJYBhLPSJFMzV3x0Z4lKOua8rOVJDOe9Nxf+8fqrCMzejUZIqEuFiUJgyqGI4jQkGVBCs2FgThAXVf4V4iATCSodZ0SHY8ysvks5JzbZqdkuncQ4KlMEBOATHwAanoA6uQBO0AQYP4Am8gFfj0Xg23oz3orRkzHr2wR8Ynz/6mqMy</latexit><latexit sha1_base64="ObrzSF3V+behpLUk9YmhiYqhlYg=">AAACGXicbVC7TsMwFHXKq5RXgJHFokJiqhIWGBgqFSEGkFpBH1ITRY7jtFbtJLIdpCrqb7DwKywMIMQIE1/BL+AmHaDlSJaOz7nX1/f4CaNSWdaXUVpaXlldK69XNja3tnfM3b2OjFOBSRvHLBY9H0nCaETaiipGeokgiPuMdP1RY+p374mQNI7u1DghLkeDiIYUI6Ulz7QyR3DoBIQpNIHcy69JzMgEOpJq51q/FaBCbzUuJp5ZtWpWDrhI7Bmp1uHN7ffIvWx65ocTxDjlJFKYISn7tpUoN0NCUazHVJxUkgThERqQvqYR4kS6Wb7ZBB5pJYBhLPSJFMzV3x0Z4lKOua8rOVJDOe9Nxf+8fqrCMzejUZIqEuFiUJgyqGI4jQkGVBCs2FgThAXVf4V4iATCSodZ0SHY8ysvks5JzbZqdkuncQ4KlMEBOATHwAanoA6uQBO0AQYP4Am8gFfj0Xg23oz3orRkzHr2wR8Ynz/6mqMy</latexit><latexit sha1_base64="dwnMw5yz8W8YyOD5iYD3P5jstaw=">AAACGXicbVC7TsMwFHXKq5RXgJHFokJiqhwWGBgqlYGBoZXoQ2qiyHGc1qqdRLaDVEX5DRZ+hYUBhBhh4m9w2wzQciRLx+fc6+t7gpQzpRH6tipr6xubW9Xt2s7u3v6BfXjUU0kmCe2ShCdyEGBFOYtpVzPN6SCVFIuA034wac38/gOViiXxvZ6m1BN4FLOIEayN5Nsod6WAbki5xgUU/vyaJpwW0FXMOHfmrRAv9E7rpvDtOmqgOeAqcUpSByXavv3phgnJBI014VipoYNS7eVYakbMmJqbKZpiMsEjOjQ0xoIqL59vVsAzo4QwSqQ5sYZz9XdHjoVSUxGYSoH1WC17M/E/b5jp6MrLWZxmmsZkMSjKONQJnMUEQyYp0XxqCCaSmb9CMsYSE23CrJkQnOWVV0nvouGghtNB9eZ1GUcVnIBTcA4ccAma4Ba0QRcQ8AiewSt4s56sF+vd+liUVqyy5xj8gfX1A/YQoDU=</latexit>

�9



DIFFERENT  MASSES 

Measured = F (mR1 ,↵s, R1,⇤QCD) = F (mR2 ,↵s, R2,⇤QCD)
<latexit sha1_base64="vuZK5GL2oMy+J1kmC5/9sxzQdkE="></latexit><latexit sha1_base64="/vRDGc0DsQdHQvIX9f9r0FqibDc="></latexit><latexit sha1_base64="/vRDGc0DsQdHQvIX9f9r0FqibDc="></latexit><latexit sha1_base64="pXJhcgk/c9xuYLxF+lMnIu6WxQQ="></latexit>

F (mR,↵s, R,⇤QCD) = FPT(mR,↵, R) + FNPT(mR,↵s, R,⇤QCD)
<latexit sha1_base64="iUf9cyuo+YlPiCytnh1hxKgojH4="></latexit><latexit sha1_base64="Nj4YVgIRbaJt6jL3UzPk4svivP4="></latexit><latexit sha1_base64="Nj4YVgIRbaJt6jL3UzPk4svivP4="></latexit><latexit sha1_base64="dQ12va6EFi1sHz1/0usaLfJnu1o="></latexit>

In theory, all mass definitions (schemes) are equivalent provided that one works to all orders in perturbation theory. 
This implies that one can extract a mass parameter in any scheme from any observable.

In reality, the practicality of the above statement depends on how fast perturbative expansion of an observable 
converges when a particular mass scheme is used.

Moreover, different observables have different sensitivity to non-perturbative effects.  Understanding this sensitivity 
is central for extracting the correct  value of the mass parameter in any scheme. 

FNPT
⇠ O(⇤n

QCD)
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MASSES AND SEMILEPTONIC DECAYS 

Non-perturbative corrections to semileptonic decay rate of a B-meson are strongly suppressed; the rate is also quite 
sensitive to the mass of a heavy quark. Ideal short-distance observable!
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The pole mass: gives us a (technically) useful formula but is not relevant otherwise.

The MS-mass: can be extracted from the measured decay rate but requires (too) accurate theory prediction.

The kinetic mass: can be extracted from the measured decay rate; requires tree-level theory prediction.

mb = mk(µ)
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The bottom line:  we can extract both the MS-mass and the kinetic mass from  semileptonic B-decays. In case of MS mass, 
we need at least the two-loop theory prediction; in case of  the kinetic mass, we only need the tree-level. 
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MASSES AND SEMILEPTONIC DECAY RATE 

If we perform a similar analyses for the top decay width, the result is different in that there is no clear winner!  All 
corrections are small (few percent) which means that, in order to determine the mass properly, one needs to control
theoretical description of the width at the percent level. 

The pole mass

The MS-mass

The kinetic mass mt = mk(µ)
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For other observables, such as e.g. the total cross section,  the benefit of using one mass over the other is also not very 
obvious. The series for the pole and the MS-scheme read (approximately)  1 + 0.4NLO+0.05NNLO and 1+0.3NLO-0.07NNLO , 
respectively.  The second series is slightly better than the first one but only slightly.

CMS collaboration

24

Table 5: Values of aS(mZ) with their uncertainties obtained using different PDF sets. The pole
mass scheme is used for the top quark mass treatment in the theory prediction.

PDF set (NNLO) aS(mZ)min

ABMP16 0.1164 ± 0.0021 (fit + PDF) +0.0024
�0.0014 (scale)

NNPDF3.1 0.1184 ± 0.0027 (fit + PDF) +0.0037
�0.0021 (scale)

CT14 0.1186 ± 0.0028 (fit + PDF) +0.0034
�0.0019 (scale)

MMHT14 0.1205 ± 0.0029 (fit + PDF) +0.0037
�0.0021 (scale)

calculation by the H1 experiment and challenges its precision.

The same procedure is used to extract the top quark mass, either in the MS or in the pole mass
scheme, by fixing the strong coupling constant to the nominal value at which the used PDF
is evaluated. The fit is performed by varying the top quark mass in a 5 GeV range around
the central values of each PDF. The uncertainties related to the variation of aS(mZ) in the PDF
are estimated by repeating the fit using the PDF eigenvectors evaluated at aS(mZ) varied by
its uncertainty, as provided by NNPDF3.1nnlo, MMHT2014nnlo, and CT14nnlo. In the case
of ABMP16nnlo, the value of aS(mZ) is a free parameter of the PDF fit and its uncertainty is
implicitly included in the ABMP16nnlo PDF uncertainty eigenvectors. The resulting mt(mt)

and mpole
t values are summarized in Tables 6 and 7, respectively, where the fit uncertainty

corresponds to the accuracy of the stt̄ measurement. The results obtained with different PDF
sets are in agreement, although the ABMP16nnlo PDF set yields systematically lower values.
This difference is expected and has its origin in a larger value of aS(mZ) of 0.118 assumed in
the NNPDF3.1, MMHT2014, and CT14 PDFs.

Table 6: Extraction of mt(mt) at NNLO from stt̄ using different PDF sets.
PDF set (NNLO) mt(mt) [ GeV ]
ABMP16 161.6 ± 1.6 (fit + PDF + aS)

+0.1
�1.0 (scale)

NNPDF3.1 164.5 ± 1.5 (fit + PDF + aS)
+0.1
�1.0 (scale)

CT14 165.0 ± 1.7 (fit + PDF)± 0.6 (aS)
+0.1
�1.0 (scale)

MMHT14 164.9 ± 1.7 (fit + PDF)± 0.5 (aS)
+0.1
�1.1 (scale)

Table 7: Extraction of mpole
t at NNLO from stt̄ using different PDF sets.

PDF set (NNLO) mpole
t [ GeV ]

ABMP16 169.1 ± 1.8 (fit + PDF + aS)
+1.3
�1.9 (scale)

NNPDF3.1 172.4 ± 1.6 (fit + PDF + aS)
+1.3
�2.0 (scale)

CT14 172.9 ± 1.8 (fit + PDF)± 0.7 (aS)
+1.4
�2.0 (scale)

MMHT14 172.8 ± 1.7 (fit + PDF)± 0.6 (aS)
+1.3
�2.0 (scale)

Similar to the case of aS(mZ) extraction, the scale variation uncertainties in the top quark mass
values obtained in the MS scheme are smaller than those determined in the pole mass scheme.
This observation reflects a better convergence of the perturbative series while using the MS
renormalization scheme in the calculation of stt̄. The values of mt are in agreement with those
originally used in the evaluation of each PDF set. The results for mt(mt) and mpole

t are shown
in Fig. 12 for the four different PDF sets.

The dependence of the obtained aS(mZ) using different PDFs on the assumption on the top
quark mass mt(mt) is investigated by performing the c2(aS) scan for ten values of mt(mt),
varying from 160.5 GeV to 165.0 GeV. A linear dependence is observed, which is somewhat
flatter for ABM16nnlo than for the other PDFs, as shown in Fig. 13.
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NON-PERTURBATIVE EFFECTS 

If the top quark mass is extracted from an observable that receives non-perturbative corrections, the extracted value will be 
shifted accordingly.  However, only linear effects are important. No reliable theory of non-perturbative effects !
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We can check the degree of infra-red sensitivity of various observables and identify this infrared sensitivity with the power of 
power corrections;    this is a subject of ``renormalon’’ calculus.  An alternative is to run parton showers and study non-
perturbative effects there. 

�14

It is natural to ask how much we know about the infra-red sensitivity of various observables used for the determination of the 
top quark mass?    To an extent that I can judge — not much.   
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NON-PERTURBATIVE EFFECTS 
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Figure 1: Feynman diagram for the BornW ⇤
! Wbb̄ process (a), and samples of Feynman

diagrams for the virtual contribution (b), for the real-emission contribution (c) and for

W ⇤
! Wbb̄ qq̄ production (d).

function of the final-state kinematics, and define

O⇥(�) = O(�)⇥⇥(�). (3.1)

– 5 –

A number of different observables are studied: 
1) total cross section: no infra-red sensitivity if the result is written in terms of short-distance masses;  gets reflected in 

the convergence of perturbative series;
2) jet selection introduces linear infra-red sensitivity (1/R) ; independent of the mass definition used;  this is known 

and anticipated effect; the jet energy/momentum is affected by the hadronization in that way;
3) W-b invariant mass has linear infra-red sensitivity due to a final state jet, irrespective of the mass definition used;
4)  Average energy of the W-boson:  exhibits linear infra-red sensitivity in the narrow width limit, regardless of the 

mass used (boost to top rest frame); however, if the calculation is done keeping the width of the top quark, there is 
no linear infra-red sensitivity in case the short-distance mass is used. 
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Recently, the infra-red sensitivity of observables used in the top quark measurements was discussed in a  
toy model where the top quark is produced in a decay of a hypothetical vector boson. 

Ravasio, Nason, Oleari
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PARTON SHOWERS 

An analytic study of a parton-shower description of a mass-sensitive  observable may help  to develop answers to this and 
similar questions and, perhaps, question established practices.  A recent study of a boosted top jets by Hoang et al. is an 
excellent example of  that. 

TOP

Anti-TOP

�16

It is quite obvious that parton shower Monte-Carlo programs  provide a)  approximate description of the actual physics 
and b) work with observables that almost certainly receive linear non-perturbative corrections.  Ideally, when we deal with 
the top quark measurement, we need to explain why, within quoted errors, both issues are not a problem. 

Unfortunately, I am not aware of a clear discussion of these questions.  

Hoang, Plätzer, Samitz
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Since it is quite difficult to explain the details of what they do in 
the short period of time, I will discuss a simplified example. 



PARTON SHOWERS 

J(s,Q2,m2) =�(s�m2) +

Q2Z

0

dq̃2

q̃2

1Z

0

dz Pqq


↵s((1� z)q̃), z,

m2

q̃2

�

⇥
⇥
J
�
s+m2(1� z)� q̃2(1� z), q̃2,m2

�
� J(s, q̃2,m2)

⇤
<latexit sha1_base64="wDuEh9gzXwFxGP/y6VnwPadrxww="></latexit><latexit sha1_base64="wDuEh9gzXwFxGP/y6VnwPadrxww="></latexit><latexit sha1_base64="wDuEh9gzXwFxGP/y6VnwPadrxww="></latexit><latexit sha1_base64="wDuEh9gzXwFxGP/y6VnwPadrxww="></latexit>

PQQ

 
↵s, z,

m2

q̃

2
!

=
CF↵s

2⇡


1 + z2

1� z
� 2m2

z(1� z)q̃2

�

<latexit sha1_base64="1xyWJkZEwWuoWPWbCVKzipuVZ+0="></latexit><latexit sha1_base64="1xyWJkZEwWuoWPWbCVKzipuVZ+0="></latexit><latexit sha1_base64="1xyWJkZEwWuoWPWbCVKzipuVZ+0="></latexit><latexit sha1_base64="1xyWJkZEwWuoWPWbCVKzipuVZ+0="></latexit>

The simplified version (soft limit, gluon virtuality neglected, boosted ) of the evolution  equation   for the jet function reads  

Consider production of highly-boosted top quarks that appear as top-jets.   Obviously,  an observable sensitive 
to the top quark mass is an average invariant mass of a top-jet.   

To compute the average invariant mass, we recall that, in the context of coherent branching formalism, boosted  
massive jet can be described by a jet function. The jet function depends on two variables: the jet mass and the 
``broadness’’ (maximal emission angle).  It satisfies the evolution equation and and the unitarity constraint.

= + �s

q2

k02
s

Figure 2: Graphical representation of the evolution equation Eq. 3.10: Grey blobs denote
the quark and gluon jet function at a given jet mass, a single line implies a �-function
at mass zero, while the black dot represents a factor of one and implies an unconstrained
integration over the gluon’s emission scale and momentum fraction.

We note that the evolution equation for the jet mass distribution shown in Eq. (3.10)
can be rendered NLL precise by correctly implementing the analytic form of the two-loop
cusp term in quark splitting function Pqq. By using the relative transverse momentum of
the splitting,

p
2
? = z

2
(1� z)

2
q̃
2
, (3.12)

as the renormalization scale for the strong coupling the leading ln(1� z)/(1� z) behavior
of the cusp term in the two-loop splitting function is reproduced exactly. The remaining
non-logarithmic term from the two-loop cusp anomalous dimension and can be incorporated
by either scaling

↵s ! ↵s

⇣
1 +Kg

↵s

2⇡

⌘
, (3.13)

or, equivalently, (up to terms of O(↵
3
s)) by adopting a change in renormalization scheme

through the rescaling

⇤
MS

! ⇤MC = ⇤
MS

exp

✓
Kg

�0

◆
(3.14)

The constant Kg commonly used in this context relates to the two-loop cusp anomalous
dimension as �

cusp
1 = 8CFKg shown in Eqs. (2.12). This approach to implement NLL

precision in parton showers is called the CMW (”Catani-Marchesini-Webber”) or Monte
Carlo scheme [54]. We note that in the Herwig event generator, the transverse momentum
argument (3.12) is used as the scale of the strong coupling, but that in the default settings
the CMW scheme of Eqs. (3.13) and (3.14) is not used explicitly. Instead the precise value
of ↵s is obtained from tuning to LEP data along with the parameters of the hadronization
model and the shower cut Q0. The result, however, numerically resembles the CMW factor
in the relation between ⇤

MS
and ⇤MC. Indeed, for example for a one-loop running the

CMW correction implies that

↵
MC

s (MZ) =
↵

MS

S
(MZ)

1� ↵
MS

S
(MZ)

Kg

2⇡

= 0.126 at ↵
MS

S (MZ) = 0.118 , nf = 5 , (3.15)

and the larger value is exactly is the tuned value, with a similar converted value for ↵MS
s (MZ)

for the two loop running actually employed in the Herwig shower. For our numerical
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Z
ds J(s,Q) = 1
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I would like to compute the average jet mass of a top-jet and use it to determine the top quark mass 

Top-jet

hsi =
Z

ds s J(s,Q2,m2)
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We solve for the jet function using Laplace transform and, upon differentiating with respect to    , we obtain

It is convenient to use the Laplace transform to compute the average jet mass. 
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Since the parton shower operates with a cut-off on the transverse momentum of daughters in the branching process, we 
modify the above equation to account for the cut-off
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Because of the complexity of the constraint, the mass-shift integral receives two contributions that correspond 
to different integration regions over q.
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Rewriting I(Q0) to isolate the dependence on the mass, we arrive at 

Recall that the average jet-mass is 
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CF
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Note the appearance of the  coherent-branching mass parameter that, in effect, accounts for the contribution of 
the region removed by imposing the cut. 
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We can go back now and write the evolution equation in the following way (I ignore the mass-independent 
shift of the average jet mass which must be ``calibrated away’’ by comparing heavy and light jets) 

The above equation suggests that a parton shower with a cut-off (the evolution) combined with  the propagator 
with the cut-off dependent mass reproduces the parton shower without a cut-off.  This observation is further 
supported by  e.g computing higher moments of the jet function that are all proportional to cut-off dependent 
mass.

hsni ⇠ (mCB(Q0))
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Figure 2: Graphical representation of the evolution equation Eq. 3.10: Grey blobs denote
the quark and gluon jet function at a given jet mass, a single line implies a �-function
at mass zero, while the black dot represents a factor of one and implies an unconstrained
integration over the gluon’s emission scale and momentum fraction.

We note that the evolution equation for the jet mass distribution shown in Eq. (3.10)
can be rendered NLL precise by correctly implementing the analytic form of the two-loop
cusp term in quark splitting function Pqq. By using the relative transverse momentum of
the splitting,

p
2
? = z

2
(1� z)

2
q̃
2
, (3.12)

as the renormalization scale for the strong coupling the leading ln(1� z)/(1� z) behavior
of the cusp term in the two-loop splitting function is reproduced exactly. The remaining
non-logarithmic term from the two-loop cusp anomalous dimension and can be incorporated
by either scaling

↵s ! ↵s

⇣
1 +Kg

↵s

2⇡

⌘
, (3.13)

or, equivalently, (up to terms of O(↵
3
s)) by adopting a change in renormalization scheme

through the rescaling

⇤
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MS

exp

✓
Kg

�0

◆
(3.14)

The constant Kg commonly used in this context relates to the two-loop cusp anomalous
dimension as �

cusp
1 = 8CFKg shown in Eqs. (2.12). This approach to implement NLL

precision in parton showers is called the CMW (”Catani-Marchesini-Webber”) or Monte
Carlo scheme [54]. We note that in the Herwig event generator, the transverse momentum
argument (3.12) is used as the scale of the strong coupling, but that in the default settings
the CMW scheme of Eqs. (3.13) and (3.14) is not used explicitly. Instead the precise value
of ↵s is obtained from tuning to LEP data along with the parameters of the hadronization
model and the shower cut Q0. The result, however, numerically resembles the CMW factor
in the relation between ⇤

MS
and ⇤MC. Indeed, for example for a one-loop running the

CMW correction implies that

↵
MC

s (MZ) =
↵

MS

S
(MZ)

1� ↵
MS

S
(MZ)

Kg

2⇡

= 0.126 at ↵
MS

S (MZ) = 0.118 , nf = 5 , (3.15)

and the larger value is exactly is the tuned value, with a similar converted value for ↵MS
s (MZ)

for the two loop running actually employed in the Herwig shower. For our numerical
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Is this a miracle? Perhaps not.  If we  infer the mass of an object by studying the amount of radiation that this 
object produces and if we restrict the amount of radiation that is allowed (cut-off), we  should expect linear 
dependence of what we infer (reconstructed invariant mass and the mass proper) on the cut-off. This is a 
``kinematic’’ effect. 
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Indeed, the infra-red renormalon appears  in I1 but not in I2.  Easy to compute it replacing the running coupling 
constant with a delta-function. 

�21

I(Q0) = I1(Q0) + I2(Q0)
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A similar non-perturbative contribution to  the pole mass reads

I1(Q0)|NP =
CF
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The mass-dependent term in the above formula is a problem, in my opinion.  

I was hoping  that the result of this construction can be phrased in the following way: 

if a parton shower is written in terms of the coherent branching mass parameter, it does not exhibit linear infra-
red sensitivity.

Unfortunately, I don’t see this happening (it may be that I am doing something wrong). 
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In practice, life is more complicated. Indeed, in an actual parton showers Q0 is a fit parameter; it should account 
(partially) for non-perturbative effects and for the radiation removed because of the cut.  So, what parton 
shower does is not obvious. 

However, since linear  infra-red effects, both perturbative and non-perturbative, are mass-independent, they 
should, in effect, be indentical for top and bottom jets.  This should give the following result where the 
difference between the two b-masses accounts for both perturbative (Q0 ) and non-perturbative effects.

mCB(Q0) = m� CF

2
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What is the numerical difference between the coherent-branching mass and the pole mass?  Taking Q0  equal to 
the mass of a tau-lepton (1.7 GeV) and the value of the strong coupling constant measured  in tau-decays (0.34)
we find

mpole �mCB(1.7 GeV) ⇡ 0.4 GeV
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Indeed, we know that the sensitivity to Q0 that we just discussed arises from soft emissions; we also know that 
the spectrum of soft emissions is affected by the width.

Other issue that one has to discuss is the potential impact of the top quark width since the top quark width 
must soften the infra-red sensitivity making everything less sensitive to the infra-red cut. 
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Something similar should occur in the computation of the average jet mass
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The infra-red sensitivity of the r.h.s. is strongly reduced compared to the case of a stable top quark 

hsi = m2 + c1m�+O
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I am not sure what to make out of this result  except that it does show how the width of the top affects earlier 
considerations. 



SUMMARY

1) The mass parameter that one extracts from a measurement depends on an observable and not on a tool used. 

�24

2) Credible statements about precision with which the top quark mass can be extracted  can only be made once 
non-perturbative contributions to observables are understood (c.f. the b-physics case).  Some of these non-
perturbative contributions disappear if a short-distance mass parameter is used, but there are definitely other non-
perturbative effects that are not affected by using the short-distance mass parameter.

3) If you infer mass (energy) of an object by measuring total amount of energy that it radiates and if you restrict 
this energy by imposing a cut-off, you will get a linear shift in what you try to infer. I think this is kinematics. 

5) However, what this means in the context of actual parton showers isn’t clear since  parton-shower cut is a fitting 
parameter that should absorb perturbative and non-perturbative effects and add the missing radiation back 
in a non-perturbative fashion.  In principle, this should replace the question about dependences on Q0 with the 
question of how relevant observables depend on non-perturbative effects; this takes us to point 2). 

6) Numerically,  we estimate the  differences between the coherent-branching mass and the pole mass to be around 
0.5 GeV although this estimate is quite imprecise. 

4) Parton showers cut the soft radiation off at some scale Q0.  This leads to  linear shifts proportional to Q0 in some 
mass-related observables.  Since, in principle, the results  should be Q0-independent, one can introduce  matching 
shifts into physical parameters, e.g. the mass. 


