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underlying BSM dynamics

• Direct BSM probes:

• production from BSM objects: X→t +Y, as in 

• Z’ →tt, stop→tχ0, gluino→t stop, T→tZ0, etc

• anomalous production properties:

• AC, spin correlations, angular distributions, etc.

• non-SM decays: 

• t→qH, t→qZ, t→qγ, t→q𝓵𝓵’, etc
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• Short-distances (and possible BSM) can be probed by

• high precision (small systematics and high statistics)

• high Q2 observables (mass reach)

• High-Q2 can compensate for lesser cleaness (can be used to reduce 
backgrounds and several systematics)

• High complementarity/synergy between e+e– and pp

• It’s important to start now exploring the opportunities and challenges 
that future facilities offer for top physics (⇒impact on detector design)

• The picture of what can be obtained from e+e– collisions is already 
well established. The pp prospects are emerging only now, the picture 
is still very much incomplete, and will evolve in view of results from 
the LHC and flavour physics. I’ll give a summary overview of what’s 
been acieved so far. You’re all welcome to join the efforts!!
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• Physics at the e+e– Linear collider: 

• G.Moortgat-Pick et al, arXiv:1504.01726

• K. Fujii, et al., Physics Case for the International Linear Collider- arXiv:1506.05992 

• LC top workshop:

• http://ific.uv.es/~toplc15/index.html

• CLIC Conceptual Design Report:

• L. Linssen et al, arXiv:1202.5940 

• FCC-ee: 

• “First Look at the Physics Case of TLEP”, JHEP 1401 (2014) 164 

• P.Janot, Top-quark electroweak couplings at the FCC-ee,  arXiv:1503.01325

• CEPC/SPPC: Physics and Detectors pre-CDR:

http://cepc.ihep.ac.cn/preCDR/volume.html

• FCC-eh: no document as yet, see however

• “A Large Hadron Electron Collider at CERN: Report on the Physics and Design Concepts 
for Machine and Detector”, J.Phys. G39 (2012) 075001 

• FCC-hh: no document as yet (in progress, expected by end of 2015). See Twiki page:

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/FutureHadroncollider

Most recent reference literature
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Summary of top properties determinations at ILC/FCC-ee

ILC: arXiv:1506.05992

mt, Γt from runs at threshold
⇒ ultimately dominated by TH 

syst, comparable results at 
FCC-ee

FCC-ee: arXiv:1503.01325 2.4 ab–1 at 365 GeV

relative 
precision

Absolute

http://arxiv.org/abs/arXiv:1503.01325
http://arxiv.org/abs/arXiv:1503.01325
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√S 350 GeV 500 GeV +1000 GeV

Lnominal 200 fb–1 +500 fb–1 +2 ab–1

δht/ht 20% 18% 3.1%

Lupgrade – +3500 fb–1 +1.5 ab–1

δht/ht 20% 6.3% 1.9%

Top Yukawa coupling at an e+e– linear collider

ILC: arXiv:1506.05992



The possibility of detectors dedicated to top physics (more 
in general, to final states in the 0.1 - 1 TeV region deserves, 
e.g. for Higgs physics) deserves very serious thinking
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10 ab–1 at 100 TeV imply:

=>1012 W bosons from top decays

1012 top quarks => 5 104 x today

=>1011 t → W → taus

=> few x1011 t → W → charm hadrons

=>1012 b hadrons from top decays (particle/antiparticle tagged)

⇒ rare decays τ→3μ, μγ, CPV

⇒ rare decays D→μ+μ–, ..., CPV

⇒ rare W decays

Top at 100 TeV

σtt ~ 30 nb
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Kinematical properties of top 
production at multi-TeV energies
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central production ~ 10% of total production

Dominance of small-angle t-channel ⇒
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Dominance of gg initial state:
- for all t-tbar masses in inclusive production
- up to Mtt~15 TeV for very central production

cfr initial-state composition 
in central dijet events:

qg qq

gg



Dominance of g→tt at high pT 
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possible impact on top tagging 
at high pt ?
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Single top s-channel production

|η1–η2| < 2

tt production

single top

t

b
_

W+

t

b

_
W–

Probe Wtb vertex at multi-TeV Q2



Properties of high-pt top jets. 
Example: Energy shape: E(r<R) / E(r<1)

ET > 1 TeV ET > 5 TeV ET > 10 TeV

top

b jet
incl
jet

W→jj

RR R
15



16

Tracking down hyper-boosted top quarks, 
Larkowski et al, arXiv:1503.03347
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Tracking down hyper-boosted top quarks, 
Larkowski et al, arXiv:1503.03347
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Auerbach, Chekanov, Proudfoot, Kotwal, arXiv:1412.5951

Sensitivity to ttbar resonances

http://inspirehep.net/author/profile/Auerbach%2C%20B.?recid=1334967&ln=en
http://inspirehep.net/author/profile/Auerbach%2C%20B.?recid=1334967&ln=en
http://inspirehep.net/author/profile/Chekanov%2C%20S.?recid=1334967&ln=en
http://inspirehep.net/author/profile/Chekanov%2C%20S.?recid=1334967&ln=en
http://inspirehep.net/author/profile/Kotwal%2C%20A.V.?recid=1334967&ln=en
http://inspirehep.net/author/profile/Kotwal%2C%20A.V.?recid=1334967&ln=en
http://arxiv.org/abs/arXiv:1412.5951
http://arxiv.org/abs/arXiv:1412.5951
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C1V

C1A

arXiv:1501.05939
arXiv:1404.1005

http://arxiv.org/abs/arXiv:1501.05939
http://arxiv.org/abs/arXiv:1501.05939
http://arxiv.org/abs/arXiv:1404.1005
http://arxiv.org/abs/arXiv:1404.1005
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At 100 TeV, constraints from 
event rate at Mtt > 10 TeV:

 
−0.0022 ≤ dV ≤ 0.0031 

|dA| ≤ 0.0026 

⇒ Λ ≳17 TeV 

Top anomalous chromomagnetic moments

⇒

J-A Aguilar-Saavedra, Fuks, etal,  arXiv:1412.6654
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http://arxiv.org/abs/arXiv:1412.6654
http://arxiv.org/abs/arXiv:1412.6654


ttW as a probe of AC
Maltoni, Tsinikos, Zaro, etal, arXiv:1406.3262

At LO only sensitive to q-qbar initial state 
⇒ maximizes charge asymmetry

14 TeV, 3000 fb–1 ⇒ ΔAtC / AtC  = 14% 

100 TeV, 3000 fb–1 ⇒ ΔAtC / AtC  = 3% 

AC and its scale systematics (NLO, include qg initial state contamination):

Statistics for ttW channel:

22

http://arxiv.org/abs/arXiv:1406.3262
http://arxiv.org/abs/arXiv:1406.3262


ttH/ttZ at 100 TeV as a probe of ytop
etal, Plehn, Reimitz, Shell, Shao, arXiv:1507.08169 

Strong correlations between the two processes in terms of:

• production dynamics, radiative corrections (⇒reduced scale dependence, MC modeling)

• kinematics (mH ~ mZ) (⇒reduced PDF systematics, reduced mtop systematics, modeling, ...)

At 100 TeV:

• greater dominance of gg initial state w.r.t. 14 TeV ⇒ ttH closer to ttZ

• huge production rates (ttH rate@100 TeV ~ 60 x ttH rate@14 TeV)
• large rate at very high pT(H) and pT(top) ⇒ effective use of boosted techniques, reduced 

combinatorial bg, systematics)
• access to “clean” final states (H→γγ, H→WW*)

σ(gg→ttZ)/ σ(ttZ) , for pT(Z)> pT,min

14 TeV

100 TeV

pT,min
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http://arxiv.org/abs/arXiv:1507.08169
http://arxiv.org/abs/arXiv:1507.08169
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Htt

Ztt

N(events) w. 20 ab–1,  tt→e/μ + jets

Top fat C/A jet(s) with R = 
1.2, |y| < 2.5, and pT,j > 200 
GeV

1% precision on ytop within reach 
(assuming B(H→bb) known)

arXiv:1507.08169 

Scale + PDF uncert.
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• But no matter what LHC finds, the top will remain a key probe of 
new phenomena (see Peskin’s keynote address)

• Precision will anyway be crucial under all scenarios

• push further the search for new physics if none is found

• determine the nature of new physics, if it’s found

• 100 TeV open new perspectives and opportunities on many fronts 
of top physics. Some of the emerging new ideas may even bear fruit 
at the HL-LHC. We must cultivate a culture of high-precision 
measurements of top properties and interactions
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