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Outline

Talk based upon
Ferrario Ravasio,Ježo,Oleari,PN, arXiv:1801.03944;
PN, arXiv:1712.02796.

I General issues on the top mass measurement at hadron
colliders;

I Top, precision physics, vacuum stability
I Current measurements
I Issues on the theoretical interpretation of the results

I Addressing the problem with NLO+PS Monte Carlos
I Available NLO+PS Mont Carlo
I Comparison within the same shower model (Pythia8)
I Comparison using Herwig7.

I Conclusions
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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 and MT strongly correlated, after MH has been measured
(also 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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Top and vacuum stability

Degrassi et al. 2012
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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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Is it so important?

I Precision EW tests now limited by the error on MW .
(in fact from EW fits alone we get mt = 176.7± 2.1 GeV)

I On the vacuum stability: the assumption of no new physics up
to very high scales is an extremely strong one.
(the only claim that we can make is that the requirement of
vacuum metastability yields no indication of new physics at
some scale below the Planck mass.)

‘ On the other hand:

I Very important to understand how reliable are current top
mass measurements (also in view of the tension with EW fits).

I Addressing the top mass measurement problem requires (and
can lead to) considerable progress in our understanding of
collider physics.
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Top Mass Measurements

 [GeV]topm
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ATLAS+CMS Preliminary  = 7-13 TeVs summary, topm
LHCtopWG

shown below the line
(*) Superseded by results

September 2017

World Comb. Mar 2014, [7]
stat
total uncertainty

total  stat

 syst)± total (stat ± topm        Ref.s

ATLAS, l+jets (*) 7 TeV  [1] 1.35)± 1.55 (0.75 ±172.31 
ATLAS, dilepton (*) 7 TeV  [2] 1.50)± 1.63 (0.64 ±173.09 

CMS, l+jets 7 TeV  [3] 0.97)± 1.06 (0.43 ±173.49 

CMS, dilepton 7 TeV  [4] 1.46)± 1.52 (0.43 ±172.50 

CMS, all jets 7 TeV  [5] 1.23)± 1.41 (0.69 ±173.49 
LHCtop WGLHC comb. (Sep 2013) 7 TeV  [6] 0.88)± 0.95 (0.35 ±173.29 

World comb. (Mar 2014) 1.96-7 TeV  [7] 0.67)± 0.76 (0.36 ±173.34 
ATLAS, l+jets 7 TeV  [8] 1.02)± 1.27 (0.75 ±172.33 

ATLAS, dilepton 7 TeV  [8] 1.30)± 1.41 (0.54 ±173.79 

ATLAS, all jets 7 TeV  [9] 1.2)± 1.8 (1.4 ±175.1 

ATLAS, single top 8 TeV  [10] 2.0)± 2.1 (0.7 ±172.2 

ATLAS, dilepton 8 TeV  [11] 0.74)± 0.85 (0.41 ±172.99 

ATLAS, all jets 8 TeV  [12] 1.01)± 1.15 (0.55 ±173.72 

ATLAS, l+jets 8 TeV  [13] 0.82)± 0.91 (0.38 ±172.08 
)

l+jets, dil.
Sep 2017(ATLAS comb.  7+8 TeV  [13] 0.42)± 0.50 (0.27 ±172.51 

CMS, l+jets 8 TeV  [14] 0.48)± 0.51 (0.16 ±172.35 

CMS, dilepton 8 TeV  [14] 1.22)± 1.23 (0.19 ±172.82 

CMS, all jets 8 TeV  [14] 0.59)± 0.64 (0.25 ±172.32 

CMS, single top 8 TeV  [15] 0.95)± 1.22 (0.77 ±172.95 

CMS comb. (Sep 2015) 7+8 TeV  [14] 0.47)± 0.48 (0.13 ±172.44 

CMS, l+jets 13 TeV  [16] 0.62)± 0.63 (0.08 ±172.25 
[1] ATLAS-CONF-2013-046
[2] ATLAS-CONF-2013-077
[3] JHEP 12 (2012) 105
[4] Eur.Phys.J.C72 (2012) 2202
[5] Eur.Phys.J.C74 (2014) 2758
[6] ATLAS-CONF-2013-102

[7] arXiv:1403.4427
[8] Eur.Phys.J.C75 (2015) 330
[9] Eur.Phys.J.C75 (2015) 158
[10] ATLAS-CONF-2014-055
[11] Phys.Lett.B761 (2016) 350
[12] arXiv:1702.07546

[13] ATLAS-CONF-2017-071
[14] Phys.Rev.D93 (2016) 072004
[15] EPJC 77 (2017) 354
[16] CMS-PAS-TOP-17-007

DIRECT
MEASUREMENTS

(roughly, from the
mass of the system
of decay products).
The most precise
method as of now.

Add: CMS 13 TeV, 172.25±0.08 (stat+JSF) ±0.62 (syst) GeV
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Theory issues

I The measurement is performed by reconstructing as much as
possible the tt̄ decay products.

I The mass of the reconstructed Top is only loosely related to
the top mass (i.e. it cannot be identified with the top mass,
for obvious reasons.)

I The extracted mass is the mass parameter in the Monte Carlo
that yields the best fit to Top Mass sensitive templates.

So:

� in which renormalization scheme is the MC mass parameter?
Pole mass? MS mass?

� It has been argued that since MC’s are Leading-Order, they
can’t distinguish between Pole and MS mass
(the difference is around 10 GeV ...).
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NLO and NNLO observables
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JHEP 10 (2015) 121
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JHEP 08 (2016) 029
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 GeV-0.76 +0.76173.34 
World combination
ATLAS, CDF, CMS, D0
arXiv:1403.4427, standard measurements

July 2017Top-quark pole mass measurements

It is claimed that since higher order cal-
culations (NNLO for total cross sec-
tion, NLO for tt̄j shape variables) are
used in this determination, one is enti-
tle to specify the scheme used for the
mass.

In the figure they are quoted as “pole
mass measurement”.
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Our view

I We assume that the top mass extracted in direct
measurement is equivalent to the Pole Mass at any fixed order
(i.e. order< 1/αs(mt)!) in perturbation theory

I The difference between the Pole Mass and the MC mass
parameter in direct measurements is of the order of some
hadronic scale Λ.

I Since at the moment there is no sound theoretical method to
estimate this difference, we should rely upon the traditional
methods adopted in collider physics, i.e. use Monte Carlo
generators to estimate hadronization uncertainties.
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Controversies

We remind that

1. Some authors implicitly claim that the Pole Mass and the
Monte Carlo mass parameter (or “Monte Carlo Mass”) in
direct measurements differ by terms of order αs(mt).

2. Other authors, also advocating the “Monte Carlo Mass”
concept, claim differences relative to the Pole Mass of order of
a hadronic scale (Hoang,Stuart 2008).

Our view is in clear contrast with (1), but is not in substantial
contradiction with (2): we prefer to say that direct measurements
measure the Pole Mass up to corrections of the order of a hadronic
scale, rather than saying that they measure a “Monte Carlo Mass”.
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NLO+PS generators

New NLO+PS generators have become available in recent time;

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, non-resonant and
interference effects for pp → bb̄e+νeµ

−ν̄µ,
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Our task

(Ferrario Ravasio,Ježo,Oleari,P.N., arXiv:1801.03944)

I Focus upon the pp → l ν̄l ¯̀ν`bb̄ process. This is OK for lepton
observables, but also for the b-jet energy peak.
If we assume that the W can be fully reconstructed, our
results will also imply a lower bound on the error in
semileptonic and fully hadronic tt̄ events.

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

I study the effect of scale variations, PDF and αs sensitivity in
the three generators.

I perform a study of shower and hadronization uncertainties by
comparing two shower generators: Pythia8 and Herwig7.

(As of now) most disturbing differences found in the last item.
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General approach

Assuming we have an observable O sensitive to the top mass, we
will have in general

O = Oc + B(mt −mt,c) +O((mt −mt,c)2)

where mt,c = 172.5 GeV is our central value for the top mass.
Oc and B differ for different generator setup. Given an
experimental result for O, the extracted mass value is

mt = mt,c + (Oexp − Oc)/B

By changing the generator setup Oc,B → O ′c,B
′:

mt −m′t = −Oc − O ′c
B

− (Oexp−O ′c)(B −B ′)/(BB ′) ≈ −Oc − O ′c
B

.
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General approach

Thus:

I Compute the B coefficient using a single setup for the
generator.

I Compute the Oc coefficient (i.e. the value of the observable
for mt = mt,c) for all different setup we want to explore.

I Extract the difference in the extracted mt between different
setups, according to the equation

∆mt = −∆Oc

B
.
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The reconstructed top mass mW−bj

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 take as our Top Mass sensitive observable the position of
the peak in the W − bj mass distribution, that we call mW−bj .

Obviously mW−bj is linearly related to the Top Mass with a slope
very near 1, i.e. B ≈ 1.
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mW−bj

I We take mW−bj as a proxy for all top-mass sensitive
observables that rely upon the mass of the decay products.

I We show results using the W − bj mass distribution as is, and
after applying a Gaussian smearing with σ = 15 GeV, to
mimic experimental resolution effects.

We look for:

I Effects that displace the bare peak. These may lead to an
irreducible error on the extraction of the mass.

I Effects that affect the shape of the peak in a wide region.
These will affect the mass determination if the experimental
smearing is included.

If two MC’s using different top mass parameter values are in full
agreement with each other, the associated top mass range leads to
an irreducible error.
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Finite width, non-resonant and interference effects

Both bb̄4l and tt̄ dec include NLO radiation in decay.
bb̄4l also includes finite width, non-resonant effects, interference
of radiation in production and decay. Comparison of the two
indicates that these effects, although not negligible, are not large.
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Pythia8, POWHEG-hvq - POWHEG-bb̄4l comparison

We compare the new bb̄4l NLO+PS generator with the old hvq,
using Pythia8 for the shower.
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Pythia8, POWHEG-hvq - POWHEG-bb̄4l comparison

Same, accounting for experimental errors by smearing the peak
with a gaussian distribution with a width of 15 GeV.
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Pythia8, hvq, tt̄ dec,bb̄4l comparison

Small differences in the smeared peak. Larger differences when
smearing is included.
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Pythia8, hvq, tt̄ dec,bb̄4l comparison

Jet radius dependence:

Summary of theoretical uncertainties:
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Summary of comparisons within Pythia8

We can summarize the comparison with Pythia8 by saying that we
find a fairly consistent picture.

I The matrix element corrections (MEC) in Pythia work as well
as the NLO corrections in decays, as expected.

I The smallness of scale variations in tt̄ dec and hvq with
respect to the bb̄4l can be explained as being due to the way
in which the two generators implement off-shell effects.

I Hadronization effects have a consistent impact on the three
generators.

I The shift in mass associated to the use of the bb̄4l generator
with respect to the other two is around 150 MeV, with
opposite signs. Although not totally negligible, this shift is
well below presently quoted errors.
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POWHEG-bb̄4l, Herwig7 - Pythia8 comparison

No large difference in the peak position (i.e. no indication here of
possible irreducible errors.). However, the marked difference in
shape is bound to lead to problems when the experimental
resolution is taken into account.
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POWHEG-bb̄4l, Herwig7 - Pythia8 comparison

When the resolution is accounted for, we find a 1.1 GeV difference
between Herwig7 and Pythia8.
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POWHEG-bb̄4l, Herwig7 - Pythia8 comparison
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POWHEG-bb̄4l

While in the Pythia8 case we found a fully consistent picture, we
cannot say the same for Herwig7. Several results are hard to
understand:

I While the new generators bb̄4l and tt̄ dec behave
consistently with Herwig7, they display a large difference with
respect to hvq.

I This means that MEC in Herwig7 do not have the same
(expected) effect as in Pythia8

Can we dismiss Herwig7 on this ground? Consider that

I MEC in Pythia8 are also technically very similar to POWHEG.

I MEC in Herwig, being an angular ordered shower, are
technically very different, since they are applied to the hardest
emission found at each step of the shower.

So, the difference may well be beyond NLO effects, and thus may
have to be considered as an uncertainty.
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Including Herwig6

With the collaboration of Bryan Webber, we have also included
Herwig6 in our study.
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At the shower level, Hw7 and Hw6 are very similar. Glitch right
before the peak absent in Hw6.
After hadronization and MPI, Hw6 becomes more symmetric with
respect to Py8.
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As a consequence of that:

MWj (GeV)
Py8 Hw6 Hw7

bare smeared bare smeared bare smeared
bb̄4l 172.793 172.717 172.59 172.384 172.727 171.626
tt̄ dec 172.814 172.857 172.602 172.484 172.775 171.678
hvq 172.803 172.570 172.803 172.95 173.038 172.552

as a fortuitous consequence of compensation due to hadronization
and MPI in Herwig6.

Also from this comparison we conclude that shower and
hadronization uncertainties may be dominant in direct
measurements.
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Jet energy peak

Agashe,Franceschini,Kim,Schulze,2016

With Pythia8:

I tt̄ dec and bb̄4l differ by less than 200 MeV

I hvq differs from the other two by more than 500 MeV

I hvq NO MEC differs from the others by more than 1.9 GeV.

Obviously more sensitive to radiation from the b quark.

Since δmt ≈ δE (max)
bjet /0.45, using hvq can cause a 1 GeV shift in

mass (well below current uncertainties).
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Jet energy peak

With Herwig7:

I tt̄ dec and bb̄4l differ by 20 MeV

I hvq differs from the other two by more than 660 MeV

I bb̄4l+Py8 and bb̄4l+Hw7 differ by more than 2 GeV

Switching from Pythia8 to Herwig7 leads to large differences, that
would impact the mass measurement by more than 4 GeV.
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Lepton Observables

Frixione, Mitov, 2014
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Looking only at Pythia8: only pT (`+`−) and m(`+`−) differ,
presumably because of their sensitivity to spin correlations.
Nearly 3 GeV difference between Pythia8 and Herwig7.
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Conclusions

I Our study of different NLO+PS generators matched to parton
showers has evidenced important effects related to the choice
of the shower generator.

I Our findings cannot be directly translated into an error in
standard measurement, since our modeling of the
measurement is too crude. However, they strongly suggests
that in order to assess a credible error, the use of different
NLO+PS calculations in combination with different shower
generators is mandatory.
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