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Disclaimer: projections to be taken with 	


many grains of salt! Numbers change daily 
or do not exist yet



• Tevatron and LHC 
experiments have shown 
that precision top physics 
can be achieved at a hadron 
collider: 	



• a true top factory	


• very pure samples	


• impressive results	


• trampoline for BSM	



• top measurements now a 
« standard candle » for 
calibration: jet energy scale 
and b-tagging efficiencies! 

how is top physics doing now? 

2

• LHC-Run2 challenge: profit of the higher CM energy without 
suffering of the harsher running conditions. work in progress!



why? (1)
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• Standard Model precision tests



• top mass can tell us the fate of the Universe 

why? (2)

4



• top as a portal to new physics:  
• rare decays and FCNC processes 	


• top (anomalous) couplings 	


• indirect effects from loop contributions	


• precision study of kinematic properties 	


• associated production with other objects (i.e. tt+Z/

W/H/DM etc) 	


• resonances or other new particles decaying in tt	


!

• standing on the shoulder of LHC-Run2 results for all the new 
physics connections! 

why? (3) 
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see presentation of Giancarlo Panizzo in BSM WG



• Mass (various reconstruction methods) & Γt 	


• decay kinematics 	


• couplings: λt , gtWb, gZtt/γtt	



• rare decays & FCNC	


• asymmetries	


• measurements with single top	


• tops in the initial state (topPDF)	


• physics with/of (hyper-)boosted tops

What ? (the shopping list)
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idea is to identify which future machines 
would satisfy the requirements to perform  

the desired studies and achieve the needed precision
Disclaimer: production of tt from NP would not be 
treated here but in the BSM WG 



Production & decay & analysis
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• analyses driven by production and decays modes	



• pair production dominates at hadron machines and at lepton machines above 
threshold (350GeV)	



• single production with lower cross section exists at hadron machines and 
lepton machines (below pair prod).  	



• (SM assumption) ~100% BR in Wb: final states classified on the basis of the W decay



• « Reconstructed » mass: from 
a fit of the decay products in 
the various channels.  

• Most precise way (for now) at 
hadron colliders. Has the 
problem of being correlated 
with the real « pole » mass in a 
way that brings in significant 
theoretical uncertainties	



• at lepton collider could obtain 
precision of  ~80MeV (CLIC 
study)	



• for the lepton collider case this 
method can be used above 
threshold (or for single top) 

Which mass to measure? (1) 

8

4 3 Conventional methods using full kinematic reconstruction

Double counting In the evaluation of systematic uncertainties for the current 7 TeV analyses
several effects are counted twice. For example, the pile-up uncertainty is evaluated sep-
arately, but it is also included in the JES. Similarly uncertainties in the modeling of radi-
ation are evaluated separately but also included in the JES uncertainty. The projections
do not make assumptions on the extent to which double counting can be reduced in the
future, but it is clear that there are opportunities for reduction of the overall systematic
uncertainty if a more detailed treatment in the future will further minimize overlaps and
unnecessary duplication.

Table 1: Projection of the top-quark-mass precision (in GeV) obtained with standard meth-
ods based on reconstruction of the invariant mass of top-quark decay products, for various
integrated luminosities using the assumptions explained in the text.

Current Future Comment
Center-of-mass energy 7 TeV 13 TeV 14 TeV 14 TeV

l+jets
Integrated luminosity 5 fb�1 30 fb�1 300 fb�1 3000 fb�1

Fit calibration 0.06 0.03 0.03 0.03 MC statistics
b-JES 0.61 0.27 0.09 0.03 3D fit
Residual JES 0.28 0.28 0.2 0.06 differential
Lepton energy scale 0.02 0.02 0.02 0.02 unchanged
Missing transverse momentum 0.06 0.06 0.06 0.06 unchanged
Jet energy resolution 0.23 0.23 0.2 0.06 differential
b tagging 0.12 0.06 0.06 0.06 factor 2 (data)
Pileup 0.07 0.07 0.07 0.07 unchanged
Non-tt background 0.13 0.06 0.06 0.06 factor 2 (S/B)
Parton distribution functions 0.07 0.04 0.04 0.04 factor 2 (PDF fits)
Renormalization and 0.24 0.12 0.12 0.06 full NLO + differentialfactorization scales
ME-PS matching threshold 0.18 0.09 0.09 0.06 full NLO + differential
Underlying event 0.15 0.15 0.15 0.06 differential
Color reconnection effects 0.54 0.27 0.2 0.06 factor 2 + differential
Systematic 0.98 0.60 0.44 0.20
Statistical 0.43 0.15 0.05 0.01
Total 1.07 0.62 0.44 0.20

In Table 1 we present our projected top-quark-mass uncertainties. For the future projections
at 13–14 TeV we assume that the increased cross-section will compensate for possible losses in
sensitivity due to trigger conditions and increased pile-up, which means that uncertainties will
just scale with increased luminosity, compared to 7 TeV. Since the tt cross-section increases by
a factor 5.7 between 7 and 14 TeV, this allows for a loss of 30% in trigger efficiency and accep-
tance, combined with a deterioration of jet resolution by a factor two. It is believed that this is
a safe assumption for the 30 fb�1 and 300 fb�1 data sets. The very high pile-up expected for the
3000 fb�1 data make predictions very uncertain. It remains to be seen how well improvements
in the Phase II detector will be able to mitigate the effects of the extremely high pile-up. We
assume that the above assumption still holds. This point deserves further evaluation with a high pile-up
simulation including upgraded phase II detector.

For the 300 fb�1 scenario we assume that we will fully profit from NLO simulation and detailed
data-based constraints on hard and soft QCD, as well as dedicated JES calibrations and 3D fit,
as described before. At 3000 fb�1 we can fully benefit from the 3D and differential analysis
approaches to further limit the uncertainties.

FTR-13-017

• The methods that can be employed for the mass reconstruction are characterized by 
different experimental and theoretical issues and uncertainties:



• « threshold scan»:  unique at lepton collider.  
• easier experimentally, it is a counting experiment	


• clearly theoretically, well connected to a theoretically well defined mass	



• Two main systematics on the threshold measurement: 	


• Beam energy measurement: need to know beam energy to a fraction of MeV. 	



• can use the precision Z mass measurement from the Z pole or better the 
m(W) and WW measurements. Can reach combined statistical precision on 
Ebeam of 0.3 MeV and 0.4 MeV 	



• αs : can profit of the measurement with Tera-Z ( if it comes first in run planning) 
or can do a simultaneous 2D fit 

Which mass to measure? (2)  
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… and what it does to the Top Threshold
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BS tail

• BS tail: lowering of effective 
L at top energy - not at 
FCCee - Gaussian spectrum, 
100% of L at > 99%

LS & ISR broadening

• LS & ISR broadening: 
smearing of Xsection due 
to beam energy spread, BS 
tail and ISR - most 
pronounced at CLIC - 
comparable at ILC and 
FCCee

The effects:

ISR tail

• ISR tail: lowering of 
effective L at top energy

Main consequence: Somewhat reduced statistics for the same integrated 
luminosity at LCs compared to FCCee



2D fit to mtop and ! s
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from CLIC



• « Alternative methods »: 	


• obtain a measurement using sensitive variables that allow to better 

solve the connection between mtop
MC and theory one mpole or similar 	



• right now statistically limited but profit fully of the HL-LHC statistic 
and theory improvements

Which mass to measure ? (3) 

11

 [GeV]topm
166 168 170 172 174 176 178 180 1821

10

Tevatron March 2013  0.61± 0.36 ± 0.51 ±173.20 

LHC September 2013  0.88± 0.26 ± 0.23 ±173.29 

-1 = 3.5 fbint   L

CMS 2011, all jets  1.23± 0.69            ±173.49 

-1 = 4.9 fbint   L
CMS 2011, di-lepton  1.46± 0.43            ±172.50 

-1 = 4.9 fbint   L

CMS 2011, l+jets  0.98± 0.33 ± 0.27 ±173.49 

-1 = 4.7 fbint   L
ATLAS 2011, di-lepton  1.50± 0.64            ±173.09 

-1 = 4.7 fbint   L

ATLAS 2011, l+jets  1.35± 0.72 ± 0.23 ±172.31 

-1 - 4.9 fb-1 = 3.5 fb
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Fig. 2.2: Left: Summary of input mass measurements of the latest LHC top mass average and the combined
result. The LHC combination with the separated iJES uncertainty is shown in blue and compared to the latest
Tevatron result, which is shown in red [101]. Right: Summary of the top mass results of the four experimental
collaborations ATLAS, CDF, CMS and DZERO in the first ever joint measurement involving experiments from
Fermilab and CERN [44].
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arXiv:1307.1907

2012 B-hadron lifetime  2.87± 1.47 ±173.48 
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2011 end-points  2.26± 0.90 ±173.90 
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Fig. 2.3: Summary of mass measurements by CMS using alternative measurement techniques, compared to the
combination of standard measurements [117].

Another technique pursued is to use the transverse decay length (Lxy) of B hadrons in the b-jets
from top quark decay. Pioneered by the CDF collaboration, this method can give relevant statistical
precision at the LHC. However, the transverse boost of the b jets relies strongly on the top production
modeling, in particular modeling of the top transverse momentum spectrum. This is the limiting uncer-
tainty, of order 2-3 GeV, in the latest CMS measurement [119]. The same top modeling uncertainty has
a far smaller effect on a Lorentz-invariant quantity such as the invariant mass of the top decay products,
where the effect on the measured top mass is estimated to be of the order of 200 MeV [113].

A third alternative technique presented by the CMS collaboration uses the measured end points of
various observables, including the invariant mass of the lepton and b-jet mlb from top decay [120]. By
using only the endpoint of the distributions, the sensitivity to certain systematic uncertainties is different
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a far smaller effect on a Lorentz-invariant quantity such as the invariant mass of the top decay products,
where the effect on the measured top mass is estimated to be of the order of 200 MeV [113].
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using only the endpoint of the distributions, the sensitivity to certain systematic uncertainties is different
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Traditional top mass reconstruction Alternative techniques



M(lb) end-point extrapolation (CMS)21.2 The top quark mass 7

Ref. analysis Projections

CM Energy 8 TeV 14 TeV 33 TeV 100 TeV

Luminosity 20fb! 1 100fb! 1 300fb! 1 3000fb! 1 3000fb! 1 3000fb! 1

Theory (GeV) - 1.5 1.5 1.0 1.0 0.6

Stat. (GeV) 7.00 1.8 1.0 0.3 0.1 0.1

Total - 2.3 1.8 1.1 1.0 0.6

Table 21-3. Extrapolations of uncertainties in top quark mass measurements that can be obtained with
the J/ ! method.

Another approach to measuring the top quark mass that is very di! erent from conventional ones is the so-
called J/ ! method [15]. Here the top quark mass is obtained from Þts to the invariant mass distribution of
three leptons from the exclusivedecays of the top quarkt ! eB ! eJ/ ! X ! eeeX, where X denotes light
hadrons. The extrapolations for the J/ ! -method are shown in Table 21-3. The attractive feature of this
approach is its absolute complementarity to more traditional methods discussed above. The uncertainties
in case of theJ/ ! method are dominated by statistical uncertainties for luminosities below 100 fb! 1 and by
theory uncertainties for higher luminosities. The theory uncertainties in mt are estimated to be of the order
of 1 GeV; they are caused by scale and parton distribution functions uncertainties and by uncertainties in
b ! B fragmentation function. Some reduction of theory uncertainties can be expected, although dramatic
improvements in our knowledge of the fragmentation function are not very likely. This is reßected in the
change of the theory error shown in Table 21-3 for 14 TeV LHC with 3000 fb! 1 where it is assumed that
NNLO QCD computation of the exclusive production of J/ ! in tøt events will become available and that the
scale uncertainty will be reduced by a factor of two.

We note that other methods of measuringmt with relatively high precision are possible and were, in fact,
discussed in the literature. On the experimental side, the three-dimensional template Þt method was recently
presented by the ATLAS collaboration [18]. The key idea here is to determine the top quark mass, the light-
quark jet energy scale and theb-quark jet energy scale from a simultaneous Þt to data, thereby transforming
a large part of the systematic uncertainty related to jet energy scales to a statistical one. While this
measurement determines the ÒMonte CarloÓ mass and the error on this measurement is not competitive
with other mt -determinations at the moment, its key idea can be applied in conjunction with other methods
and will, hopefully, help to reduce systematic uncertainties. Another potentially interesting opportunity
is provided by the top quark mass measurements based on exploitingmt -dependence of lepton kinematic
distributions. Although such studies were not actively pursued experimentally, they may o! er an interesting
avenue for the top quark mass measurement in the high-pile-up scenario given their independence of jet
energy scale uncertainties. Theoretical studies of some lepton distributions and their sensitivity tomt were
performed through NLO QCD in Ref. [19] with the conclusion that an O(1.5) GeV error on mt can be
achieved; further studies that include more realistic estimates of uncertainties are clearly warranted. Finally,
it was proposed recently to employtøtj events to constrain the top quark mass [20]. This method is clean
theoretically and appears to be feasibly experimentally; as shown in Ref. [20], anO(1) GeV uncertainty in
mt can be achieved.

The top quark width of 1.4 GeV is too narrow to be measured directly at the LHC. It can be probed indirectly
through single top quark production [21], which can be determined to about 5% at high-luminosity LHC,
see Section 21.3. The width can be measured directly to a few percent through a top pair threshold scan at
a lepton collider [22, 8].

Community Planning Study: Snowmass 2013
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Fig. 2.5: Left: Dependence of the measured top mass observable on event variables, here the pseudo-rapidity of
the b jet from the hadronically decaying top [113]. Right: Projection of the top-quark mass precision obtained with
different methods, for increasing integrated LHC luminosity [123].

With further increase in LHC integrated luminosity, methods like the 3D template fit can be used
to further reduce experimental uncertainties on jet reconstruction while studies of the dependence of
the top mass observable on other variables are expected to allow to get a handle on other theoretical
uncertainties such as the modeling of radiation and non-perturbative QCD effects.

Figure 2.5(right) shows projections for possible improvements in experimental precision in the
measurements of the top mass, in several steps of additional integrated luminosity of LHC data. With the
methods outlined above, it may be possible to reach an experimental precision of about 0.2 GeV [123].
These estimates do not include an uncertainty for the translation of the measured MC mass to a well-
defined theoretical mass definition.

3 Determinations of the top-quark pole mass from measurements of the total cross
section 2

A determination of the top-quark mass in a known and well-defined mass scheme can be obtained from
a comparison of a measurement of the total top-pair production cross section to a theoretical calculation
using a given mass scheme such as the pole mass or the MS scheme [124]. Such measurements have
been performed recently by the experimental collaborations at the Tevatron and the LHC [18, 125–127]
as well as by theorists [128, 129]. In this contribution, the extraction of the pole mass from [128] is
updated by including the complete next-to-next-to-leading order (NNLO) corrections [118, 130, 131]
and taking recent experimental results into account. The prospects and limits of the method are also
briefly discussed. In addition to the top-quark mass, the theoretical prediction of the total cross section
within perturbative QCD depends also on the strong coupling constant ↵a and the parton distribution
functions (PDFs). Here several PDF sets with their default ↵s values will be used and the resulting
differences are treated as theoretical uncertainty. A report on the determination of the MS-mass and the
inclusion of the top-quark mass in an PDF fit [13] is given elsewhere in these proceedings.

In practice, the top-quark extraction is complicated by the fact that the measurement of the total
2C. Schwinn
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« J/psi method » extrapolation (CMS)

Gain with statistics!

5

4 The endpoint method

The approach adopted in the CMS endpoint method [21] is innovative in various ways. Two
important differences with respect to the standard method are the following: 1) it uses the
end-point of distributions, rather than the mean value (or full shape) and 2) this allows to use
an ’analytical’ calculation of the end-point in terms of the top-quark mass, without the use of
Monte Carlo (MC) simulation to calibrate the result.

Please note that the analytical calculation assumes that there is a resonance peak corresponding
to the top-quark propagator, corresponding to something like the top-quark ’pole mass’. A MC
calibration is performed as a cross-check and shows that difference between this mass and the
’MC mass’ compatible with 0, with a 300 MeV uncertainty.

Unfortunately this analysis is not immune to the systematic uncertainty on the JES. In particular
this analysis is sensitive to the b-JES in a very similar way as the standard measurements.
Projections are shown in Table 2.

For the projections we optimistically assume that the uncertainties related to the background
modeling and fit range can be reduced with more data, and we let them scale down as a sta-
tistical uncertainty. While the JES cannot be fitted in-situ with this analyses we assume that
the improved knowledge from other measurements can to some extent be transported to this
analysis. As this will inevitably introduce an extrapolation uncertainty for possible differences
in phase space, jet flavor and the fact that the endpoint method relies on the absolute JES in
data, rather than the relative difference between the JES in data and MC, we quote 0.3 GeV
as ultimate residual uncertainty, which is a factor 3 below the best current JES uncertainty for
analyses without in-situ JES fit (i.e. the cross-check analysis in [12] and ongoing studies).

Table 2: Projection of the top-quark mass precision (in GeV) obtained with the endpoint
method, for various integrated luminosities using the assumptions explained in the text.

Current Future Comment
Center-of-mass energy 7 TeV 13 TeV 14 TeV 14 TeV
Integrated luminosity 5 fb�1 30 fb�1 300 fb�1 3000 fb�1

Jet energy scale and resolution 1.6 0.9 0.5 0.3 improve with data
Lepton energy scale 0.4 0.2 0.2 0.2 factor 2
Jet and lepton efficiencies 0.2 0.2 0.2 0.2 unchanged
Fit range 0.6 0.2 0.2 0.2 statistics (factor 4)
Background shape 0.5 0.2 0.1 0.02 statistics
QCD effects 0.6 0.3 0.3 0.3 factor 2
Pileup 0.1 0.1 0.1 0.1 unchanged
Systematic 1.9 1.0 0.6 0.5
Statistical 0.9 0.4 0.1 0.04
Total 2.1 1.1 0.6 0.5

5 The J/y method

To avoid the use of jets in the mass extraction and thus minimize effects of the corresponding
uncertainties on jet energy calibration, the J/y method uses the invariant mass of a J/y from the
b-jet together with the lepton from the W decay as observable. Because of the small branching
fraction to J/y and partial mass reconstruction, a large integrated luminosity is required to
obtain a useful statistical precision.

Preliminary studies with t ! Wb ! `n + (J/y + X) candidates from the data collected atp
s = 8 TeV [14] suggest that the event rate of around 800 events / 10 fb�1 at

p
s = 14 TeV,



• The top quark width is difficult to measure directly at LHC: however  a 2% 
determination can be useful to constrain new models that predict new particles 
in top decays. 	



• At the LHC indirect (new) measurement (CMS: arXiv:1404.2292) from Run1: 	



Γ[t]=1.36 +/- 0.02 (stat.) +0.14/-0.11 (syst.) GeV	



• Expected improvement down to 5% at HL-LHC 	



• However direct measurements down to few % possible with top-pair threshold 
scan at lepton colliders from simultaneous fit of observables (σtt, Afb and 
<p@max>) sensitive to mtop, Γtop and λtop u

Measuring " t

13

Lumi%/%5%years- #%top%pairs- Δmtop- ΔΓtop- Δλtop/λtop-
TLEP- 4%×%650%9:1- 1,000,000- 10%MeV%- 12%MeV- 13%-

ILC$ 350()*1$ 100,000$ 30(MeV$ 35(MeV$ 40%$

*from  M. Martinez and R. Miquel, Eur. Phys. J. C27, 49 (2003), hep-ph/0207315. ILC 	



study scaled to FCCee



• #top: 	


• 10% @HL-LHC	


• <10% @full upgrade high energy ILCi	


• 13%(30%) at FCCee(ILC-indirect) using the 

indirect measurement via threshold scan	


• reaching the sub-% will be a job for FCChh!	



• gtWb can be measured: 	


• in top decays in pair production	


• single top production: threshold scan from 

mtop top 2mtop  expect 2% on gtWb (ILC, 
Snowmass 2005)	



• ttZ/ttγ: measurable with excellent precision at e
+e- collider. 	



• expect about one order of magnitude better 
than LHC	



• TLEP expected « combined coupling » better 
due to higher statistics  but need polarization 
(ILC) to have the disentangled measurements

Couplings 
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this plot (from 2005!) is 	


now outdated, but its 	


part of the homework! 



• Asymmetries important to study as they are the only place currently where we see 
deviation from SM. 	



• LHC not the best place for  AFB especially with the energy increase. But new ideas 
coming in!	



• @LeptonColliders:  AFB is sensitive to the chiral structure of the ttX vertex. Can 
be measured with 2% precision (1TeV, ILC polarized) by measuring top production 
angle and helicity angle. Polarized beams make the difference. 

Asymmetries
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rare decays: the gold mine!

16

t->Zq, γq, Ζc

expectations from theory current limits

extrapolations

rare decays seem the 
best option for 
discoveries in top 
physics profiting  of the 
large statistics of future 
machines



• just a couple of words…not much of this in 
the future prospects discussion out there! 	



• @Hadron Colliders: Important to constrain 
new physics from the measurement of the 
three different production modes: currently 
σ(t-ch) σ(tW) at 10-20%, and still upper 
limit on the s-channel. 

…and single top

17
inclusive rate for e+e- —>WbWb

How can we get there? 

• @Lepton Colliders: the single top case could be a new 
entry using lower energy runs	



• could use the run at the Higgs or energies in 
between for gtWb	



• very crucial for FCNC studies!



• 10 ab
-1

 @100 TeV means 10
11 

top quarks 
• at this energy is it not just a question of statistics (rare decays/FCNC)  but 

a complete different kinematics too. some rough ideas…plus ~350PU …	


• Rare Decays  (use EFT formalism to show gain in sensitivity) 

Going to 100 TeV? Random thoughts
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BSM Opportunities at 100 TeV, CERN, Feb 11 2014J. Zupan     Top FCNCs

naive 100 TeV reach
• trivially rescaling by the statistics for 10ab-1at 100 TeV!

• assuming exactly the same efficiencies as at the LHC 
right now!

• can potentially be improved  
(for t→ch,uh by having  
other h decays beside h→γγ)!

• for 1ab-1 the bounds 
 101/4≃1.8 smaller!

• note: bckg. can completely change this naive extrapolation!

• e.g. σ(t)SM/σ(t)utG grows from ~30 for present bound at 
8TeV to ~200 at 100TeV

"12

BSM Opportunities at 100 TeV, CERN, Feb 11 2014J. Zupan     Top FCNCs

experimental 
constraints

• experimental constraints  
 
 

• can probe TeV scale physics (taking Cn=1)  
 
 
 

!

• this essentially assumes large mixing angles!

• no loop factors for magnetic operators!

• later: how large are t→cZ,t→cγ,t→cg and t→ch in NP models
"11

« wild » extrapolation
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the benefits
• the benefit from experimental point of view!

• both tFCNC in production and decay are 
important!

• tFCNC in production

"8

• t→cg, t→ug# • monotop

• note: can distinguish between t → c and t → u from 
production!

• Monotops: used to search for DM 
production. At LHC need FV coupling. 
Due to large top PDF @100TeV might 
not need that anymore. 

can  have  a  top  here!



• Two announcements: 	


• Short summary of the LHCC workshop on Top 

Mass by Roberto Tenchini	


• FCChh Workshop next week: two talks on top 

physics! 	


!

• Top Physics is a very much hot topic for the future of 
high energy physics:  both as precision piece of the SM 
and QCD hence as a portal for new physics. 	


!

• Discussion is open! 

Conclusions? 
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BACKUP
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The Luminosity Spectrum of different Colliders…

• The luminosity spectrum of 

different e+e- colliders

• ILC & CLIC - Full machine 

simulations (GuneaPig)

• FCCee (TLEP): Gaussian, with 

0.19% sigma (includes BS)
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… and what it does to the Top Threshold
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BS tail

• BS tail: lowering of effective 
L at top energy - not at 
FCCee - Gaussian spectrum, 
100% of L at > 99%

LS & ISR broadening

• LS & ISR broadening: 
smearing of Xsection due 
to beam energy spread, BS 
tail and ISR - most 
pronounced at CLIC - 
comparable at ILC and 
FCCee

The effects:

ISR tail

• ISR tail: lowering of 
effective L at top energy

Main consequence: Somewhat reduced statistics for the same integrated 
luminosity at LCs compared to FCCee



monotop+DM 

22
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monotop
• monojets a standard DM search at the LHC!
• however, monotop can be the leading signal!

• despite coming from FV coupling!

• DM needs to couple to quarks through scalar 
interactions!

• the size depends on flavor model

"23
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top radiography
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J/psi method
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21.2 The top quark mass 7

Ref. analysis Projections

CM Energy 8 TeV 14 TeV 33 TeV 100 TeV

Luminosity 20fb�1 100fb�1 300fb�1 3000fb�1 3000fb�1 3000fb�1

Theory (GeV) - 1.5 1.5 1.0 1.0 0.6

Stat. (GeV) 7.00 1.8 1.0 0.3 0.1 0.1

Total - 2.3 1.8 1.1 1.0 0.6

Table 21-3. Extrapolations of uncertainties in top quark mass measurements that can be obtained with
the J/ method.

Another approach to measuring the top quark mass that is very di↵erent from conventional ones is the so-
called J/ method [15]. Here the top quark mass is obtained from fits to the invariant mass distribution of
three leptons from the exclusive decays of the top quark t ! eB ! eJ/ X ! eeeX, where X denotes light
hadrons. The extrapolations for the J/ -method are shown in Table 21-3. The attractive feature of this
approach is its absolute complementarity to more traditional methods discussed above. The uncertainties
in case of the J/ method are dominated by statistical uncertainties for luminosities below 100 fb�1 and by
theory uncertainties for higher luminosities. The theory uncertainties in m

t

are estimated to be of the order
of 1 GeV; they are caused by scale and parton distribution functions uncertainties and by uncertainties in
b ! B fragmentation function. Some reduction of theory uncertainties can be expected, although dramatic
improvements in our knowledge of the fragmentation function are not very likely. This is reflected in the
change of the theory error shown in Table 21-3 for 14 TeV LHC with 3000 fb�1 where it is assumed that
NNLO QCD computation of the exclusive production of J/ in tt̄ events will become available and that the
scale uncertainty will be reduced by a factor of two.

We note that other methods of measuring m
t

with relatively high precision are possible and were, in fact,
discussed in the literature. On the experimental side, the three-dimensional template fit method was recently
presented by the ATLAS collaboration [18]. The key idea here is to determine the top quark mass, the light-
quark jet energy scale and the b-quark jet energy scale from a simultaneous fit to data, thereby transforming
a large part of the systematic uncertainty related to jet energy scales to a statistical one. While this
measurement determines the “Monte Carlo” mass and the error on this measurement is not competitive
with other m

t

-determinations at the moment, its key idea can be applied in conjunction with other methods
and will, hopefully, help to reduce systematic uncertainties. Another potentially interesting opportunity
is provided by the top quark mass measurements based on exploiting m

t

-dependence of lepton kinematic
distributions. Although such studies were not actively pursued experimentally, they may o↵er an interesting
avenue for the top quark mass measurement in the high-pile-up scenario given their independence of jet
energy scale uncertainties. Theoretical studies of some lepton distributions and their sensitivity to m

t

were
performed through NLO QCD in Ref. [19] with the conclusion that an O(1.5) GeV error on m

t

can be
achieved; further studies that include more realistic estimates of uncertainties are clearly warranted. Finally,
it was proposed recently to employ tt̄j events to constrain the top quark mass [20]. This method is clean
theoretically and appears to be feasibly experimentally; as shown in Ref. [20], an O(1) GeV uncertainty in
m

t

can be achieved.

The top quark width of 1.4 GeV is too narrow to be measured directly at the LHC. It can be probed indirectly
through single top quark production [21], which can be determined to about 5% at high-luminosity LHC,
see Section 21.3. The width can be measured directly to a few percent through a top pair threshold scan at
a lepton collider [22, 8].

Community Planning Study: Snowmass 2013



• as detector requirements are concerned the top reconstruction and identification would 
not make stronger requirement than the Higgs physics program already demands. 	



• possibly, in the case of a single top program (never discussed before) there would be 
higher concern about fwd object reconstruction (but this again is also part of the Higgs 
needs) and a high performance charm tagging for FCNC	



• analysis strategies change in the regime of boosted production (pT~2mt ) and studies for 
even (hyper)-boosted regimes are starting now. 

Analysis & Detector requirements
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from CLIC study



Energy and luminosity at FCCee

26Possible upgrade to 500GeV? 

Lumi%/%5%years- #%top%pairs- Δmtop- ΔΓtop- Δλtop/λtop-
TLEP- 4%×%650%9:1- 1,000,000- 10%MeV%- 12%MeV- 13%-

ILC$ 350()*1$ 100,000$ 30(MeV$ 35(MeV$ 40%$FCC#ee% ILC% LEP%

Z%decays% 1012% 109% 2x107%

WW%pairs% 108% 106% 4x104%

HZ%events% 5×105% 2×104% –%

Top%pairs% 5×105% 5×104% –%
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• The methods that can be employed for the mass reconstruction are characterized by 
different experimental and theoretical issues and uncertainties: 	



• « Reconstructed » mass: from a fit of the decay products in the various 
channels.  

• Most precise way (for now) at hadron colliders. Has the problem of being correlated 
with the real « pole » mass in a way that brings in significant theoretical uncertainties	



• extrapolation shows no benefit in higher lumi for LHC: ~600MeV reach for 
LHC 

• at lepton collider could obtain precision of  ~80MeV (CLIC study)	


• for the lepton collider case this method can be used above threshold (or for single 

top) 

Which mass to measure? (1) 
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reco mass extrapolation @LHC 
from Snowmass report



• other methods proposed for ILC: properties of decay kinematics in threshold scan	


• simultaneous fit of observables (σtt, Afb and <p@max>) sensitive to mtop, Γtop and λtop 

from study with ILC 	


• scaled to the TLEP case (there is no beamstrahlung bkg  and higher luminosity)

Kinematic properties in Threshold scan 
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p@max	
  

AFB
	
  

*from  M. Martinez and R. Miquel, Eur. Phys. J. C27, 49 (2003), hep-ph/0207315.

σtt	
  

Lumi%/%5%years- #%top%pairs- Δmtop- ΔΓtop- Δλtop/λtop-
TLEP- 4%×%650%9:1- 1,000,000- 10%MeV%- 12%MeV- 13%-

ILC$ 350()*1$ 100,000$ 30(MeV$ 35(MeV$ 40%$



single top production at lepton 
colliders

30
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EFT analysis
¥ tFCNC arise from dim-6 operators !

¥ useful operator basis is above EWSB!

¥ makes e.g. explicit that Br(t! cZ) is ~v
2!

¥ basis from!
!
!
!
!

¥ +Higgs and gluon ops.   !
!
!
                    

"10

Fox et al., 0704.1482 


