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Introduction

2

“In discussion of the physics case for future e+e- colliders, the top quark is often 
unappreciated “ - M. Peskin, on Monday
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unappreciated “ - M. Peskin, on Monday

under-appreciated

properties: threshold 
(mt, Γt, yt)

couplings: BSM
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Top Questions

• The top physics program at LCs is broadly divided into two main directions:


• Properties of the top quark:


• Mass


• Width


• Yukawa coupling


• Sensitivity to BSM physics


• Electroweak couplings


• What is the nature of the top quark?

3

Degrassi et al. 

; critical value:  mt = 171.1 GeVmt = 173.1± 0.7 GeV

M. Peskin: Is the top quark a normal quark or a heavy quark?
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LHC - Defining the Top Today

• LHC as a top quark factory: 1 top pair per second!


• The mass is now known with  
~ 0.5 GeV uncertainty

4

Top$mass$
improving$$precision$

$

"""""22"LCWS2015$–$November$3,$2015$ Nadia$Pastrone$$INFN$Torino$

CMS,$arXiv:1509.04044$

•"avoid"double"coun4ng"systema4cs"
•"reMcalibrate"inMsitu"(JES,"…)"
•"minimize"uncertain4es"by"selec4ng"
(weigh4ng)"carefully"the"data"

500$MeV$
just$crossed$

outperforming expectations / projections 
for Snowmass!

Top$mass$
improving$$precision$

$

"""""23"LCWS2015$–$November$3,$2015$ Nadia$Pastrone$$INFN$Torino$

500$MeV$
just$crossed$
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N.B.: Uncertainties of connecting measured 
mass to msbar mass not included!
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LHC - Defining the Top Today

• First observations of ttV (V= Z, W) production

5

aW$and$aZ$measurements$

Nadia$Pastrone$$INFN$Torino$ 18"LCWS2015$–$November$3,$2015$

tt production in association with W or Z @ 8 TeV

• ttW and ttZ small expected cross sections  ( ~200 fb @ 8TeV) 

• ttZ production cross section provide most accessible direct measurement to the 
coupling of the top quark to the Z  

• Both "(ttW) and "(ttZ) expected to be altered in new physics models 

• ttZ at 7 TeV measured by CMS and found to be twice the SM  value   
   (with large  uncertainties)          

       
21
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CMS Coll., PRL 110,172002 (2013)
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-

Dominant production modes:

CMS Coll., PRL 110,172002 (2013)

provides access to  
top-Z coupling at LHC

aV$observa*on$

19"LCWS2015$–$November$3,$2015$

ttW, ttZ cross sections @ 8 TeV

Measured cross sections: 

The observed (expected) significance of: 
                 - ttW is  5.0" (3.2") 
                 - ttZ  is  4.2" (4.5")
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ATLAS, arXiv:1509.05276Post fit results (per region):
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Cross section measurements:

ttW:    3.8 σ (exp)  4.8 σ (obs) 
ttZ:     5.7 σ (exp)  6.4 σ (obs) 

ttW:    3.2 σ (exp)  5.0 σ (obs) 
ttZ:     4.5 σ (exp)  4.2 σ (obs) 

CMS,$$arXiv:1510.01131$

ATLAS,$$arXiv:1509.05276$
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Top Couplings at the ILC

• In e+e- collisions: production via γ/Z: strong sensitivity, also to new particles, 
asymmetries O(1)

6

  

5Roman Pöschl LCWS2015 – November 2015

Testing the Chiral Structure of the Standard Model

Manifestation of New Physics:

- Modification of Ztt coupling 
  Mixing between top and partners
  Mixing Z/Z'

- s-channel exchange of New Z' 
  Including interference effects  

- Fermion mass generation closely related to the origin electroweak symmetry breaking

- Expect residual effects for particles with masses closest to symmetry breaking scale

Extraction of different γ and Z couplings / form factors 
rely on polarized beams
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Semi Leptonic Analysis - Reconstruction of θ
top

 at √s=500 Gev  

Precise reconstruction of  θ
top

in case of right handed electron beams

Ambiguities in case of 
left handed electron beams
Due to V-A structure at ttX vertex

Remedy to address ambiguities: 
Select cleanly reconstructed 
events by  χ2 analysis 
or 
Reconstruction of b quark charge

Precise reconstruction for both 
beam polarisations

- Efficiency Penalty for e
L

- ε
tot

:  e
R
~ 50%, e

L
 ~ 30%   

        
           

Arxiv:1505.06020
EPJC (2015) 75:512

Results:

top angle to measure AFB 
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Example for physics reach

New physics reach for typical BSM scenarios with composite Higgs/Top
and or extra dimensions
Based on phenomenology described in Pomerol et al. arXiv:0806.3247 

Can probe scales of ~25 TeV in typical scenarios
              (… and up tp 80 TeV for extreme scenarios)
     => Important guidance for e.g. 100 TeV pp-collider 

ILC sensitivity to extra-dimensional models
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Top Coupling: Which Energy to Choose?

• For CLIC: Only one energy stage 
below 1+ TeV - has to serve top 
(including threshold) and Higgs 
physics


• For ILC: Importance of > 500 GeV 
running for top couplings

7

  

12Roman Pöschl LCWS2015 – November 2015

Different centre of mass energies II

Small cms energies:

- Vanishing axial 

  vector coupling

           +

- Lumi decreases at

  linear colliders   

Broad minimum between 400 and 700 GeV

High cms energies:

- Quickly decreasing 

   cross section

- ... partially compensated

  by increasing luminosity

  

√s ~ 500 GeV is “sweet spot” for coupling measurements

However: 

- F1AZ would profit from somewhat higher energies (beta dependence)

- Remark: Full disentangling for F1VZ and F2VZ at ~1 TeV 

√s ~ 1 TeV attractive option 

... influence of different instantaneous luminosities 

              (Assumption caveats, see backup)

blue: accounting for  
energy-depenent luminosity
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The Top Pair Threshold

8

• The cross-section around the 
threshold is affected by several 
properties of the top quark and by 
QCD

• Top mass, width, Yukawa 

coupling

• Strong coupling constant

mt

Γt

yt, αs

• Effects of some parameters are correlated; 
dependence on Yukawa coupling rather weak - 
precise external αs helps
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The Threshold in MC
• Now available: NLO simulation of the ttbar threshold in WHIZARD


• Opens up the possibility for more sophisticated experimental studies at threshold 
beyond total cross section: Asymmetries, momentum distribution 

9

         J.R.Reuter           Top Physics in WHIZARD (+NLO/QCD)           LCWS 2015, Whistler, 4.11.15 

 Sanity checks:  correct limit for αs  ⟶ 0,  stable against variation of cutoff  ΔM  [15-30 GeV]

 Why include LL/NLL in a Monte Carlo event generator?
     Important effects: beamstrahlung; ISR; LO electroweak terms
     More exclusive observables accessible

Forward-backward asymmetry
(norm. ⇒ good shape stability)

Afb :=
�(ptz > 0)� �(ptz) < 0)

�(ptz > 0) + �(ptz < 0)

incorporation of ISR and luminosity spectrum
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         J.R.Reuter           Top Physics in WHIZARD (+NLO/QCD)           LCWS 2015, Whistler, 4.11.15 

Threshold-continuum matching

matching to continuum to consistently 
describe full energy range
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Higher Order Calculations

• Two key steps forward this year:


• Conversion of pole / 1S / PS mass to msbar mass at NNNNLO QCD

10

MS–on-shell relation at four-loop order

MS → on-shell

Mt = mt

(

1 + 0.4244αs + 0.8345α
2
s + 2.375α

3
s

+(8.49 ± 0.25)α4
s

)

= 163.643 + 7.557 + 1.617 + 0.501 + 0.195 ± 0.005 GeV

small remaining error of about 3% due to numerical integration of the
master integrals using FIESTA [A. Smirnov]

Mb = mb

(

1 + 0.4244αs + 0.9401α
2
s + 3.045α

3
s + (12.57 ± 0.38)α4

s

)

= 4.163 + 0.401 + 0.201 + 0.148 + 0.138 ± 0.004 GeV .

7 / 16
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Convergence and error estimate

input mPS = m1S = mRS =
#loops 171.792 172.227 171.215

1 165.097 165.045 164.847
2 163.943 163.861 163.853 1-2 GeV
3 163.687 163.651 163.663 ! 250 MeV
4 163.643 163.643 163.643 ! 40 MeV

4 (×1.03) 163.637 163.637 163.637 6 MeV

half the 4-loop contribution {22, 4, 10}
3% uncertainty ≡ 6 MeV

}

⇒ {23, 7, 11}MeV error

12 / 16
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+ uncertainty induced  
    by αs uncertainty
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Higher Order Calculations
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• Two key steps forward this year:


• Conversion of pole / 1S / PS mass to msbar mass at NNNNLO QCD


• NNNLO QCD calculations of thresholdPotential non-relativistic QCD
N3LO QCD corrections

[Beneke, Kiyo, Marquard, Penin, Piclum, Steinhauser 2015]A decade of work to get the 3rd order:
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• Two key steps forward this year:


• Conversion of pole / 1S / PS mass to msbar mass at NNNNLO QCD


• NNNLO QCD calculations of thresholdPotential non-relativistic QCD
N3LO QCD corrections

[Beneke, Kiyo, Marquard, Penin, Piclum, Steinhauser 2015]A decade of work to get the 3rd order:

Going beyond QCD

QCD uncertainties under control: ≥ 3%
Further corrections (v2 ≥ –2

s ≥ y2
t ≥ –) :

I Higgs corrections
I QED Coulomb potential
I Nonresonant production
I P-wave production
I Further NNLO electroweak corrections

[Grzadkowski, Kühn, Krawczyk, Stuart 1986; Guth, Kühn 1991; Hoang, Reißer 2004 & 2006]

Impact on the cross section

340 342 344 346 348
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

s !GeV"

R

fu ll

QCD

mPS
t (20 GeV) =171.5 GeV , �t =1.33 GeV , mH =171.5 GeV ,

–s(mZ ) =0.1185 , –(mZ ) =1/128.944 mW , mZ
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Extracting parameters
Top mass
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➫ suggests uncertainties on the 50 MeV level
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 = 50 ... 350 GeVµ

based on CLIC/ILC Top Study
EPJ C73, 2540 (2013)

Experimental Consequences for Mass Precision

• NNNLO scale uncertainties have a 
substantial impact on the expected 
precision of threshold scans - 
comparable or larger than stat. 
uncertainty on σ 

12
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mass value changes by 90 MeV for 
the considered scale variations:
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NNNLO scale uncertainties
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Experimental Consequences for Mass Precision

• For fully consistent treatment of 
scale uncertainties: Inclusion in 
template fit - bands instead of 
lines

13
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• Consequence: Fit uncertainty not purely 
statistical - for 10 x 10 fb-1

32 MeV fit uncertainty (including 19 MeV stat)
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The Strong Coupling

• The strong coupling plays a central role in top (and other) physics:

14

LCWS 2015, Whistler, Nov 2 - 6, 2015 

Introduction 
In the absense of any sign of new physics the demands on the precision of theoretical 
predictions within the Standard Model are steadily increasing.  

 

Parametric uncertainties of the parameters of the Standard Model (heavy quark 
masses, strong coupling, CKM matrix elements) play an important role in this context. 

 

Strong coupling determinations are important:  

 

 

 

Overall endeavor characterized by: 

•  Precise predictions for observables sensitive to QCD corrections. 
•  Consistency of determinations from different observables reflects 

our understanding of QCD.   

•  Increased awareness that proper and adequate estimate of theoretical 
uncertainties has highest priority. 

•  New and more precise analyses can lead to an increase in the uncertainties 
compared to earlier analyses.   

•  Existence of very precise, but mutually incompatible results enforces cross 
checks at all levels and critical view on how error estimates are carried out. 

• For the preliminary 2015 world average, uncertainties (including theory) of input 
results have been re-examined

LCWS 2015, Whistler, Nov 2 - 6, 2015 

Comments on 2015 World Average 

From S. Bethke @ Fcee WS 

Error has gone up 
for the first time. 
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The Strong Coupling

15

LCWS 2015, Whistler, Nov 2 - 6, 2015 

Comments on 2015 World Average 

From S. Bethke @ Fcee WS 

Only at least NNLO based 
analyses shall be included!  
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ttH: Direct Access to the Top Yukawa Coupling

• Very complex final state

16

23

ttH combination

• Best fit signal strength 
• μttH= 1.9+0.8

-0.7  - ATLAS 
• μttH= 2.9+1.0

-0.9  - CMS 
• μttH= 2.3+0.7

-0.6 - Сombined 
• significance - 4.4σ obs (2.0σ exp) 

• Combined upper limits on σ/σSM 
• 3.2 obs (1.4 exp) - ATLAS 
• 4.5 obs (1.7 exp) - CMS

Combined  μttH

Higgs and Top Decay Modes

6

• ttH results in complex final states 
• Higgs decay modes 

• ttH(bb) - highest branching 
fraction, abundant tt 
background  

• ttH(WW,!!, ZZ) - second 
highest branching fraction, 
good signal purity  

• ttH(γγ) - low branching 
fraction, clean mass peak 

• tt decay modes 
• single lepton  - tt → 2bqq’lν 
• dilepton - tt → 2blνlν 
• all jets  - tt → 2bqq’q’’q’’’

11%
6%

3%

21% 58%

H→γγ - 0.2%

H→WW 

H→ZZ 
H→!!

H→bb 

Higgs Branching Fractions

Intense search at the LHC in various channels:

➫ quickly rising sensitivity!
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• ttH results in complex final states 
• Higgs decay modes 

• ttH(bb) - highest branching 
fraction, abundant tt 
background  

• ttH(WW,!!, ZZ) - second 
highest branching fraction, 
good signal purity  

• ttH(γγ) - low branching 
fraction, clean mass peak 

• tt decay modes 
• single lepton  - tt → 2bqq’lν 
• dilepton - tt → 2blνlν 
• all jets  - tt → 2bqq’q’’q’’’

11%
6%

3%

21% 58%

H→γγ - 0.2%

H→WW 

H→ZZ 
H→!!

H→bb 

Higgs Branching Fractions

Intense search at the LHC in various channels:

➫ quickly rising sensitivity!

And: large progress on theory - both for signal 
(NLO QCD, matching to PS, off-shell effects, 
EW corrections, soft gluon resummation) 

and backgrounds (ttbb, ttV, ttVV)
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ttH at ILC

• Threshold very close to 500 GeV

17

Top Yukawa at 550 GeV 
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ILC'is'now'10%'longer.'
If'cryomodules'perform'
to'spec,'10%'higher'
ini4al'energy'
'
'
Leads'to'more'than'36
fold'increase'in'cross'
sec4on'
>'2'4mes'be-er'
measurement'
'

Signal and Background 

3 

Signals 
•  tthÆ8jets (hÆbb) 
     tthÆlν+6jets (hÆbb) 
     tthÆ2l2ν+4b jets (hÆbb) 
 
Backgrounds 
• ttZ, ttg (gÆbb), tbW 

➫ every bit of extra energy helps: 
If extra 10% of ILC length can be 
used for higher energy (in a 
scenario where the design  
gradient achieved): 550 GeV
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Signals 
•  tthÆ8jets (hÆbb) 
     tthÆlν+6jets (hÆbb) 
     tthÆ2l2ν+4b jets (hÆbb) 
 
Backgrounds 
• ttZ, ttg (gÆbb), tbW 

➫ every bit of extra energy helps: 
If extra 10% of ILC length can be 
used for higher energy (in a 
scenario where the design  
gradient achieved): 550 GeV

Big effort to constantly improve the analysis: 
New this time: maximum-likelihood jet pairing 
at 500 GeV for H20 (200 + 1400 fb-1):  
Δgt/gt = 7.85 % (550 GeV: 3.3%)
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Final Words

• Top physics is a very lively field - both at the LHC with a constant stream of new 
results, and at Linear Colliders with steady improvement of the understanding of the 
physics capabilities

• A major topic: Systematics - theory and experiment


• QCD is still good for “surprises”: For the first time, the WA uncertainty on αs has 
increased by a factor of two - but in general, QCD is in excellent shape

18
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The top quark is likely to have a crucial role in the physics of the TeV scale

- the precision of e+e- is needed to elucidate it.
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The top quark is likely to have a crucial role in the physics of the TeV scale

- the precision of e+e- is needed to elucidate it.

The top quark needs to be front and center  
in the physics case for Linear Colliders.  


