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Outline

I Top, precision physics, vacuum stability

I Top mass measurements: issues on the “Monte Carlo Mass”

I Pole mass and MS mass

I Perturbative and non-perturbative theoretical errors

I New generators

I Exploring error sources for mt measurements.
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Top and precision physics

From PDG:

∆Gµ/Gµ = 5 · 10−7; ∆MZ/MZ = 2 · 10−5;

∆α(MZ )/α(MZ ) =

{
1 · 10−4(Davier et al.; PDG)
3.3 · 10−4(Burkhardt, Pietrzyk)

MW can be predicted from the above with high precision, provided
MH and MT (entering radiative corrections) are also known
(and depending on how aggressive is the error on α(MZ )).
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Top and vacuum stability

Degrassi et al. 2012
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With current value of Mt and MH the vacuum is metastable.
No indication of new physics up to the Plank scale from this.
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Top and vacuum stability

Degrassi et al. 2012
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Mt = 173.1 ± 0.6 GeV HgrayL
Α3HMZL = 0.1184 ± 0.0007HredL
Mh = 125.7 ± 0.3 GeV HblueL

Mt = 171.3 GeV

ΑsHMZL = 0.1163

ΑsHMZL = 0.1205

Mt = 174.9 GeV

The quartic coupling λH becomes tiny at very high field values,
and may turn negative, leading to vacuum instability.
Mt as low as 171 GeV leads to λH → 0 at the Plank scale.
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Top mass

I Top mass: fundamental parameter of the Standard Model.

I Ideal measurement: tt̄ production at threshold at e+e−.

I LHC has the opportunity to measure it.

6 / 40



Lots of methods:
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Several methods explored by
CMS (see PAS TOP-15-012).

Notice: they do not increase
precision with respect to
PRD 93 (2016) 072004:

“The top quark mass is mea-
sured using the lepton+jets,
all-jets and dilepton decay
channels, giving values of

172.35± 0.16(st)± 0.48(sy),

172.32± 0.25(st)± 0.59(sy),

172.82± 0.19(st)± 1.22(sy)

GeV respectively.
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Amazingly consistent determinations with different methods.
Most precise technique:

I Semileptonic decays: lepton + missing Et + 4 jets, 2
b-tagged jets.

I Assuming on-shell W the neutrino kinematics can be further
constrained (up to a two-fold ambiguity). Remaining two-fold
ambiguity on b-jets assignment.

I Assuming on-shell W the jet energy scale can be fitted
together with mt .
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What are we measuring?

Several doubts have been raised on the meaning of such
measurements:

1. Mass of top decay products cannot be strictly defined

2. Are we measuring a ’Monte Carlo mass’?

3. The pole mass is no good, it has RENORMALONS.
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What are we measuring?

These issues have been debated many times.

I Item 1 is very serious: we must extract the mass by fitting mt

kinematic observables. There are unavoidable theoretical
errors related to the accuracy of our computation of the
kinematic distributions. They should be carefully assessed.

I Item 2 is misleading: if we use a plain Shower MC to compute
our distribution, we should assess the MC theoretical error
and propagate it to the mt determination. An MC is just one
way to perform a theoretical calculation,

I Renormalon effects in the relation of the pole to the MS top
mass have been shown to be smaller than previously thought.
No good excuse to give up top mass determination using
observables that are sensitive to the top mass decay products.
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A framework for mt measurement at LHC

I Extract the mass by fitting measured distribution of mass
sensitive observables to theoretical calculation.

I Estimate the perturbative theoretical errors in the usual way
in the theoretical calculation: scale variation and the like

I Estimate non-perturbative errors by varying parameters in the
hadronization model.

I In some cases a futher requirement may be imposed: the
range of parameter variation must allow for a reasonable fit to
the data.
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New generators

I Generators for tt̄ production have become available in recent
times:

I MC@NLO Frixione,Webber,P.N. 2003 and POWHEG

Frixione,Ridolfi,P.N. 2007 hvq traditional NLO+PS tt̄
generators. Do not include either exact spin correlations in
decays or radiative corrections in decays. Routinely used by
LHC experiments.

I ttb NLO dec Campbell,Ellis,Re,P.N. 2015. Includes exact spin
correlations and NLO corrections in decay. Off shell effects
included approximately (in such a way to be LO exact).

I b bbar 4l Ježo,Lindert,Nason,Oleari,Pozzorini,P.N. 2016
Includes exact NLO matrix element for pp → l ν̄l ¯̀ν`bb̄. It uses
a recently introduced method for dealing with (coloured)
narrow resonance in POWHEG.
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Our study

(Ferrario-Ravasio,Ježo,Oleari,P.N.):

I compare three NLO+PS generators:
hvq, tt̄ dec, bb̄4l.

I studied the effect of scale variations in the tt̄ dec and bb̄4l

generators.

I studied the αs sensitivity of the results in the bb̄4l generator.

I studied the PDF error in the bb̄4l generators.

I performed an initial study of hadronization uncertainties by
comparing two shower generators: Pythia8 and Herwig7.
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Our initial questions

I Are there relevant theoretical errors that don’t go away even if
we have a perfect detector?

I Is NLO modeling of top decay relevant for top mass
measurements?

I Are interference effects of radiation in production and decay
relevant?

I Are (NLO) perturbative uncertainties important?

I Are shower uncertainties important?

I Are non-perturbative uncertainties important?

I Should we abandon the older generators?
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PRELIMINARY!!!
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NLO+PS generators

I hvq: (Frixione,Nason,Ridolfi, 2007), the first POWHEG
implementation of tt̄ production.
NLO corrections only in production. Events with on-shell t and t̄
are produced, and then “deformed” into off-shell events with
decays, with a probability proportional to the corresponding tree
level matrix element with off-shell effects and decays.
Radiation in decays is only generated by the shower.

I tt̄ dec: (Campbell etal, 2014) Full spin correlations, exact NLO
corrections in production and decay in the zero width approximation.
Off shell effects implemented via a reweighting method, such that
the LO cross section includes exactly all tree level off-shell effects.

I bb̄4l:(Ježo etal, 2016) Full NLO with off shell effects for
pp → bb̄e+νeµ

−ν̄µ,

17 / 40



Comparison of
the generators
in modeling
mW -bj
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mWbj

the W -bj system is defined in the following way:

I Jets are defined using the anti-kT algorithm with R = 0.5.
The b/b̄ jet is defined as the jet containing the hardest b/b̄.

I W± is defined as the hardest l± paired with the hardest
matching neutrino.

I The W -bj system is obtained by matching a W± with a b/b̄
jet (i.e. we assume we know the sign of the b).

I We adopt the following cuts:
I We require the 2 b-jets to have pT > 30 GeV, |η| < 2.4.
I The hardest e+ and the hardest µ− must satisfy pT > 20 GeV,
|η| < 2.4.
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Comparison at the LH (NLO) level
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Not much difference LO-NLO in hvq (no radiation generated in
decay). Raise in the low mass tail for bb̄4l, due to energy loss by
radiation outside the jet cone from the b.
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In tt̄ dec we can switch off radiation in decay (nlowhich 1).
Similar behaviour observed.

21 / 40



0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

d
/d

m
W

b
j 
 [

p
b
/G

e
V

]

MWbj at LO
bb4

hvq

tt_NLO_dec

168 170 172 174 176 178

mWbj  [GeV]

0.8
0.9
1.0
1.1
1.2

ra
ti

o
 w

it
h
 b

b
4

Minor differences at LO between hvq and the other two.

22 / 40



Inclusion of Shower
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Tail below mass peak now raised in hvq (b radiation from shower).
Raise above peak: raised event activity increases b-jet energy.
Very different shower effect in bb̄4l from PY8 and HE7!
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Inclusion of Shower
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I Above the peak similar behaviour (controlled by the shower).

I Difference below the peak due to different modeling of hardest
radiation from b.

24 / 40



Hadronization and MPI
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I Hadronization: wider peak, raised tail below peak (Py8).
I MPI: raised tail above peak.

I
Very important effects; but
MPI+UE similar in He7/PY8.
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Mass extraction from mWbj

I Experimental resolution: Gaussian smering of σ = 15 GeV:

fsmeared(x) = N
∫
dy f (y)× exp

(
− (y−x)2

2σ2

)
I Polynomial fit to extract peak position:

y = a + b(x −m)2 + c(x −m)3 + d(x −m)4

I Fit range xmin < x < xmax determined by sliding the fit
window until the fitted value is at the center of the range.

I For σ = 0: xmax − xmin = 3.4 GeV

I For σ = 15 GeV: xmax − xmin = 30 GeV
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Semileptonic, CMS

uncertainty arising from both components of the

measurement. The uncertainty of the measurement agrees

with the expected precision obtained by performing

pseudoexperiments.

The results in the individual muon and electron channels

are compatible within their statistical uncertainties:

μþ jets∶ m2D
t ¼ 172.03� 0.27ðstatþ JSFÞ GeV;

JSF2D ¼ 1.007� 0.003ðstatÞ;

eþ jets∶ m2D
t ¼ 172.26� 0.28ðstatþ JSFÞ GeV;

JSF2D ¼ 1.003� 0.003ðstatÞ:

The 1D and hybrid analyses give results of

m1D
t ¼ 172.56� 0.12ðstatÞ GeV;

m
hyb
t ¼ 172.35� 0.16ðstatþ JSFÞ GeV;

JSFhyb ¼ 1.002� 0.001ðstatÞ;

respectively. Both the 2D and hybrid results for the JSF

(JSF2D and JSFhyb) are within 0.5% of one. The results for

mt and the JSF are compared in Fig. 4, which shows the

two-dimensional statistical likelihoods obtained from data

in the 2D and hybrid cases and mt from the 1D analysis.
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FIG. 3. Reconstructed masses of (upper left) the W bosons decaying to qq̄ pairs and (upper right) the corresponding top quarks, prior

to the kinematic fitting to the tt̄ hypothesis. Panels (lower left) and (lower right) show, respectively, the reconstructed W boson masses

and the fitted top quark masses after the goodness-of-fit selection. The total number of permutations found in simulation is normalized to

be the same as the total number of permutations observed in data. The vertical bars show the statistical uncertainty and the hatched bands

show the statistical and systematic uncertainties added in quadrature. The lower portion of each panel shown the ratio of the yields

between the collision data and the simulation.

V. KHACHATRYAN et al. PHYSICAL REVIEW D 93, 072004 (2016)

072004-8

Top resolution:
≈ ±15 GeV
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Mass extraction from mWbj
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hvq peak lower by 439 MeV than bb̄4l in smeared distribution.
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NLO-PS comparison summary

I Without smearing, negligible differences in peak position.
I With smearing:

I bb̄4l and tt̄ dec display minor differences.
I hvq displays substantial differences.

Does this mean that we should abandon the hvq implementation?
The difference boils down to a different modeling of the b jet: fully
given by Pythia in hvq, given by POWHEG+Pythia in bb̄4l.
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Scale variations
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tt̄ NLO dec

I No scale variation in tt̄ dec! (and in hvq alike). For both
generator radiative corrections are included on-peak, and then
spread out according to some prescription.

I Noticeable scale variation in bb̄4l.
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Scale variations in bb̄4l: NLO vs LHE+PS level.

To compare scale variation effects at NLO (left) and at
LHE+PS (right) level, we use top MC truth virtuality (b-jet at
NLO not well described).
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Same scale variation pattern for mMC
t at NLO, LHE+PS and

mW−bj at NLO+PS: genuine NLO effect.
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Scale variations in bb̄4l: Γt effects.
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Scale variations in bb̄4l: Γt effects.

On peak:

σ ≈ σtt̄
(

ΓbW

Γ

)2

When the top is off shell:

σ ≈ σbW t̄

(
ΓbW

Γ

)
with very little residual Γ dependence. Thus, it is no surprise that
the scale dependence when mtW is below and above the peak is
independent of Γ.
The effect seems due to a difference in scale dependence above
and below the peak.
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Scale variations in bb̄4l: Γt effects.

Extracted mWbj peak [GeV]
smearing (µr

µ ,
µf

µ ) = (1, 1) (µr

µ ,
µf

µ ) = (2, 2) (µr

µ ,
µf

µ ) = (1/2, 1/2)

σ = 0 172.828 +0.012
−0.007 172.800 +0.009

−0.007 172.870 +0.017
−0.008

σ = 15 173.052 +0.002
−0.002 172.940 +0.002

−0.002 173.238 +0.002
−0.002

I No smearing: +42− 28 MeV

I 15 GeV smearing: +0.186− 112 MeV.

Note: in hvq and tt̄ dec we would have concluded that we have a
negligible variation.
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More perturbative uncertainties

Scale variation in POWHEG does not affect radiation hardness.
The shape of the b-jet is not affected by scale variation.
At the moment there is no way to vary the radiation scale in the
POWHEG-BOX.
Variation of the strong coupling constant does affect radiation. We
can use it to assess the sensitivity to the radiation strength.

Extracted mWbj peak [GeV]
αS(mZ ) αS(mZ ) Difference
=0.121 =0.115

No bb̄4l 172.809 172.844 +0.035
smearing tt̄ dec 172.809 172.828 +0.019

hvq 172.796 172.794 + 0.002
15 GeV bb̄4l 173.057 173.131 -0.074

smearing tt̄ dec 172.914 173.018 -0.104
hvq 172.620 172.601 +0.019
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Shower dependence: Py8 vs HE7 in bb̄4l and hvq
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Large difference 697 MeV in (smeared) bb̄4l extraction.
More modest 238 MeV in (smeared) hvq.
Shift present also in the absence of smearing: −107 MeV (bb̄4l)
and −259 MeV (hvq).
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Shower dependence: parton level only without MPI
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-0. 002  GeV

Very small differences without smearing for both bb̄4l and hvq.
Large difference 701 MeV in (smeared) bb̄4l.
More modest 106 MeV in (smeared) hvq.
In the absence of smearing: 30 MeV (bb̄4l) and −11 MeV (hvq).
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Summary

Extracted mWbj peak [GeV]
Full Parton level (no MPI)

PY8 HE7 PY8 HE7
No bb̄4l 172.828 172.935 172.527 172.497

smearing hvq 172.780 173.039 172.488 172.497
15 GeV bb̄4l 173.052 172.355 171.803 171.102

smearing hvq 172.613 172.375 171.385 171.279

Had we run HE7 as default, we would have concluded that bb̄4l
and hvq are equivalent for mass extraction purposes!
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What we learn

(up to still unknown issues with the HE7 interface)

I The only case where we see a relevant irreducible mass shift
seems to be due to the hadronization model. This is expected,
and the mass shift ranges from 100 (bb̄4l) to 250 MeV (hvq)
(well below present errors).

I We see a relevant scale variation error only with bb̄4l. This
error seems dominant relative to variations of the strength of
the hardest emission. At the moment it is the strongest
motivation for using the new generator.

I We see a large difference in the perturbative effects yielded by
the shower, of about 700 MeV. Such large effect is only
present in bb̄4l.
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Prospects

(asides investigating for bugs and the like)

I Try to figure out what is causing the difference in the shower.
I Assuming that the difference turns out to be an acceptable

uncertainty:
I Differences seem always related to modeling of radiation from

the b, lowering the reconstructed mass, and of external
radiation entering the b jet cone.

I Hadronization and UE-MPI also play a role in spilling energy
out of the b-jet cone, or depositing more energy into it.

I Examine distributions that are sensitive to these mechanisms.
The first that comes to mind is the R dependence of the peak
position. A complementary one is the energy deposited in the
“away” region.

I See if we can tune one of the two generator to match the
other on these distributions. Is the mass discrepancy reduced?
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