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Outline :

• “inclusive” approach to rare top (exotic) decays: 
a) study of top recoil system in top pairs 
b) excess in top total width  
 

• “exclusive” approach to rare top decays: 
a) “measurable” SM rare top decays 
b)  rare top decays measurable only in BSM 

• e+e- ➜ t q   (FCNC)  at   TLEP 240 

Main References

•  TLEP Physics Case arxiv:1308.6176; TLEPnth  Workshop material,  ILC TDR ’13
• Snowmass Studies 2013 (arxiv:1307.8265,1311.2028)
• AWLC14, Fermilab, 12-16 May 2014 http://www.linearcollider.org/awlc14/

mainly a few thoughts  

 not an exhaustive review !

hard to conceive at 
hadronic colliders !

http://www.linearcollider.org/awlc14/


what makes unique  
e+e- environment wrt  

(larger Nev) had collisions : 

democracy in σ’s  
(all EW σ’s !) 
accurate TH predictions 
clean EXP environment 
untriggered operation 
can detect and 
reconstruct “any” 
hadronic final state  
can detect what is 
invisible at LHC just 
because we do not know 
what to trigger on …  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Figure 1-1. Distribution of reconstructed top mass for events classified as fully-hadronic (left) and
semileptonic (right). The data points include signal and background for an integrated luminosity of
100 fb�1 [7]. The pure background contribution contained in the global distribution is shown by the green
solid histogram. The top mass is determined with an unbinned likelihood fit of this distribution, which is
shown by the solid line.

Note that for these purposes, a numerical value for theoretically well-defined top quark mass parameter, for
example mMS

t

, is required.

1.2.1 Linear Colliders

A e+e� collider will allow us to study electroweak production of tt pairs with no concurring QCD background.
Therefore, precise measurements of top quark properties become possible.

The top quark mass can be measured at e+e� machines using two complementary methods. First, one can
use the invariant mass of the reconstructed bW system from the top decay. The result of a full simulation
study at a 500 GeV linear collider [7] (CLIC, with similar results for ILC) is shown in Fig. 1-1. The figure
demonstrates also the small residual background expected for top quark studies at any e+e� machines. In
the second method the top mass is determined in a threshold scan, an option unique to an e+e� machine. In
the threshold scan the so-called 1S top quark mass can be measured to an experimental precision of better
than 40 MeV where studies have shown that the statistical error is dominant. Expressing the measurement
in terms of the theoretically well defined MS mass will inflate the uncertainty to ⇠ 100 MeV, as shown
in detailed simulations [8, 7, 9] and advanced theoretical computations ( see e.g. Ref. [10] and references
therein).

We note that with respect to the top quark mass determination, all lepton colliders that were suggested
so far perform similarly1 and that an additional attraction of measuring m

t

at a lepton collider is a clean
theoretical interpretation of the result of the measurement. As we explain below, the situation is more

1
We note that some improvements in the mt determination can be expected at the muon collider and at TLEP thanks to

reduced beamstrahlung, although this still has to be demonstrated by detailed simulations.

Community Planning Study: Snowmass 2013

Seidel et al. 1303.3758
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Reconstructing Top Quarks at Lepton Colliders

• Driven by production and decay:

• Production in pairs, decay to W and b

3

Event signature entirely 
given by the decay of the W 
bosons:

all hadronic

semi-leptonic

} fully hadronic and semi-leptonic  
top mass reconstruction

ttbar  physics  cleanness  in e+e- collisions  
well represented by  plots below  

(green is background !)
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Key to absolute Higgs couplings

¾ σ ,𝑔 are the keys to model independent meas. of absolute Higgs couplings

gHZZ

X
X

Precision 250 fb-1 1150 fb-1

σZH 2.6% 1.3%
gHZZ 1.3% 0.7%

@250GeV

Higgs recoil measurements
Capture Higgs w/o looking at its decay product!

Even Invisible decay is detectable
Absolute measurement of HZZ couplings

𝐵𝑟 𝐻 → 𝑋𝑋 =
σ 𝐵𝑟 𝐻 → 𝑋𝑋

σ
∝ 𝑔

σ ∝ 𝑔

 HZ selected by just identifying Z decay products 
           (➜	 absolute σtot (~gHZZ2) measurement ➜	 model indep. gHZZ) 
 ➜	 direct access to invisible H decays,  
 and  invisible-at-LHC  decays  
          (H	 ➜	 cc, H	 ➜	 gg)

inclusive Higgs studies through Z recoil system

PHYSICS PERFORMANCE

associated calorimetric information resulting in an event e⇥ciency of 95.4% for identifying
both in µ+µ�X events and 98.8% for both electrons in e+e�X events. Candidate Z de-
cays are identified from oppositely charged pairs of identified leptons within a mass window
around mZ. Background from Z ⇥ ⇤+⇤� is rejected using cuts on the transverse momentum
of the di-lepton system and the acollinearity of the two lepton tracks. Additional cuts reject
Z ⇥ ⇤+⇤� events with initial and final state radiation. The backgrounds from e+e� ⇥ ZZ and
e+e� ⇥ W+W� are reduced using a multi-variate likelihood analysis based on the acopla-
narity, polar angle, transverse momentum and the invariant mass of the di-lepton system.

The reconstructed mrecoil distributions are shown in Figure 3.3-13. The combination
of signal and background is fitted using a function which assumes a Gaussian-like signal
and that the background can be approximated by a polynomial function. The results of
the fit for mH and ⇥(e+e� ⇥ ZH) are listed in Table 3.3-4. Also shown are the results
obtained when assuming the SM decay modes and branching fractions. In this case, labelled
“Model Dependent”, the background is further reduced by requiring charged particle tracks
in addition to those generated by the Z boson decay products.

3.3.1.1 Influence of Bremsstrahlung

From figure 3.3-13 it is clear that Bremsstrahlung from final state electrons and positrons
significantly degrades the recoil mass resolution in the e+e�X channel. One possible strategy
to mitigate this e�ect is to identify the final state photons and include these in the recoil
mass calculation. A dedicated algorithm to identify Bremsstrahlung photons is used [32] and
the four momenta of the e+e�X + n� system is used in the event selection and recoil mass
calculation. Figure 3.3-14a) compares the recoil mass distribution with and without including
identified Bremsstrahlung photons. Figure 3.3-14b) shows the recoil mass distribution for the
model independent impact analysis including Bremsstrahlung photons. To extract the mass
and cross section a modified fitting function is used. The results of the fits (e+e�Xn�) for
mH and ⇥(e+e� ⇥ ZH) are listed in Table 3.3-4. Including Bremsstrahlung photons improves
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FIGURE 3.3-13. Results of the model independent analysis of the Higgs-strahlung process e+e� ⇥ HZ in
which a) Z ⇥ µ+µ� and b) Z ⇥ e+e�. The results are shown for a beam polarisation of P (e+, e�) =
(+30%,�80%).
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3.3 PHYSICS PERFORMANCE

The ILD detector performance has been evaluated for a number of physics processes. The
analyses, described below, all use the full simulation of ILD and full event reconstruction.
Jet finding is performed using the Durham algorithm[28] with the hadronic system being
forced into the appropriate number of jets for the event topology. The benchmark physics
analyses[24] are studied at

⇤
s = 250GeV and

⇤
s = 500GeV. Unless otherwise stated, the

results for
⇤
s = 250GeV (

⇤
s = 500GeV) correspond to an integrated luminosity of 250 fb�1

(500 fb�1) and a beam polarisation of P (e+, e�) = (+30%,�80%).

3.3.1 Higgs Boson mass

The precise determination of the properties of the Higgs boson is one of the main goals
of the ILC. Of particular importance are its mass, mH, the total production cross section,
⇤(e+e� ⇥ HZ), and the Higgs branching ratios. Fits to current electroweak data[29] and
direct limits from searches at LEP and at the Tevatron favour a relatively low value for mH.
Studies of these measurements with ILD are described below. A data sample of 250 fb�1 at⇤
s = 250GeV is assumed and mH is taken to be 120GeV. For these values, the dominant

Higgs production process is Higgs-strahlung, e+e� ⇥ ZH.
The Higgs boson mass can be determined precisely from the distribution of the recoil

mass, mrecoil, in ZH ⇥ e+e�X and ZH ⇥ µ+µ�X events, where X represents the Higgs
decay products. The recoil mass is calculated from the reconstructed four-momentum of the
system recoiling against the Z. The µ+µ�X-channel yields the most precise measurement as
the e+e�X-channel su�ers from larger experimental uncertainties due to bremsstrahlung from
the electrons and the larger background from Bhabha scattering events. The study[30, 31]
is performed for two electron/positron beam polarisations: P (e+, e�) = (�30%,+80%) and
P (e+, e�) = (+30%,�80%). In the simulation, Gaussian beam energy spreads of 0.28% and
0.18% are assumed for the incoming electron and positron beams respectively.

The first stage in the event selection is the identification of leptonically decaying Z bosons.
Candidate lepton tracks are required to be well-measured, removing tracks with large un-
certainties on the reconstructed momentum. Lepton identification is performed using the
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mH = 120 GeV

ΔmH ~ 30 MeV

could we extend this 
technique to top pairs 
in               and make 
inclusive searches for 
exotic top final states  
by looking at recoil top 
system  ?

e+e� ! tt̄



heavy top mass allows decays into new BSM states

examples :

still allowed beyond  2HDM type II

t ! H+b ! ⌧⌫b

t ! H+s ! cs̄s

t ! Z 0c, Z 0u (light neutral gauge bosons)

(dark matter)t ! ��c, ��u

in principle  one can have many different final  states  
 with unexpected  kinematical  features …  

can’t find them at LHC unless you make assumptions on 
what you are looking for !

(???)t ! n jets 6= bW ! bjj



b)  look for events containing  
a top-system with  
a veto on a 2nd tag  
(i.e. recoil system does not  
pass the SM top-system 
criteria)

a) define criteria to tag  
a  Wb/Wj system  
as a (SM) top quark 

Frank&Simon&(fsimon@mpp.mpg.de)
Top$Mass$at$e+e+$Colliders$
AWLC2014,&Fermilab,&May&2014

Identifying & Reconstructing Top Quarks

• Strategy depends on targeted ttbar final state

5

Semi-leptonic:

• isolated lepton ID, momentum measurement

• missing energy measurement 

Universal

• Flavor tagging:

• b - identification

• b/c separation


• b-Jet energy measurement

• light Jet reconstruction & 

energy measurement  X
top-veto

large variety 
 of possible final states 
➜	 global analysis of the  

recoil system with a top-veto

c) full simulation needed to 
assess sensitivity ( <% σ ?)

inclusive searches for exotic t decays through recoil system (e+e-)

d) get model independent  
bounds on BR(top)exotica !Ecm > 350 GeV



assuming SM  (                 ) : 

inclusive approach to exotic top decays (b) 

bounds on         can bound exotic decay widths� �
top

(excess in top total width) 
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The calculations from Refs. 71, 72, 74 used mt = 173 GeV, and the first uncertainty
corresponds to the scale uncertainty, while the second uncertainty is the PDF uncer-
tainty using the MSTW2008NNLO PDF set at 90% CL. The s-channel calculation
from Ref. 73 used mt = 173.2 GeV and quotes only the scale uncertainty.

The t-channel production mode is dominant at the LHC, followed by the tW -
channel associated production. Note that, except for the tW -channel, the cross
sections for top quark production are larger than that for top anti-quark production,
due to the proton PDF. At

p
s = 7 TeV, the ratio of the t-channel single top quark

and anti-quark production cross section to the tt̄ cross section, �t+¯t(t� ch.)/�t¯t is
around 40%.

Some higher order diagrams of t- and s-channel production have the same initial
and final states. However, there is no interference at NLO QCD between the two
production modes since the tb̄ pair produced in the t-channel forms a color octet,
while in the s-channel it forms a color singlet. On the other hand, there is interfer-
ence at higher orders between tW -channel associated production and top quark pair
production. This leads to the problem of unambiguously defining the two, which
will be discussed further in section 3.6.2.

Another feature of electroweak single top quark production is that the top quark
is produced left-handed and in its rest frame, it is 100% polarized along the direction
of the light quark. Since top quarks decay before they can hadronize, the polarization
information is transferred to their decay products. In particular, the distribution
of the polar angle of the lepton from the t ! Wb ! l⌫lb decay and the spin axis,
approximated by the direction of the light quark jet in the top quark rest frame, is
expected to be proportional to (1 + cos ✓⇤) 77.

The current status of the measurements of single top quark production at LHC
will be discussed in section 7. See section 8.2 for results on FCNC anomalous single
top quark production, and section 8.6 for W 0 and charged Higgs boson searches.

2.3. Top quark decays

The top quark decays almost exclusively as t ! Wb. Since |Vtb| � |Vtd|, |Vts|, the
decays t ! W (d, s) are strongly suppressed and will be further discussed only at
the end of this section. Neglecting the decays t ! W (d, s), the total width of the
top quark in the SM at NLO QCD is 78
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where GF is the Fermi constant. Using mt = 172.5 GeV yields �t = 1.33 GeV.
The large width of the top quark corresponds to a very short lifetime ⌧t = 1/�t ⇠
5 · 10�25 s. A D0 measurement 79, using the t-channel single top cross section and
the branching fraction BR(t ! Wb) measurements, yielded �t = 2.00+0.47

�0.43 and
⌧t = 3.29+0.90

�0.63 · 10�25 s, in good agreement with the SM.
The lifetime of the top quark is one order of magnitude smaller than the typical

formation time of hadrons ⌧ ⇠ 1 fm/c ⇠ 3 · 10�24 s, which means that top quarks
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The top quark decays almost exclusively as t ! Wb. Since |Vtb| � |Vtd|, |Vts|, the
decays t ! W (d, s) are strongly suppressed and will be further discussed only at
the end of this section. Neglecting the decays t ! W (d, s), the total width of the
top quark in the SM at NLO QCD is 78
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where GF is the Fermi constant. Using mt = 172.5 GeV yields �t = 1.33 GeV.
The large width of the top quark corresponds to a very short lifetime ⌧t = 1/�t ⇠
5 · 10�25 s. A D0 measurement 79, using the t-channel single top cross section and
the branching fraction BR(t ! Wb) measurements, yielded �t = 2.00+0.47

�0.43 and
⌧t = 3.29+0.90

�0.63 · 10�25 s, in good agreement with the SM.
The lifetime of the top quark is one order of magnitude smaller than the typical

formation time of hadrons ⌧ ⇠ 1 fm/c ⇠ 3 · 10�24 s, which means that top quarks
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1 Introduction
Because of its large mass [1], the top quark decays before fragmenting or forming an hadronic
bound state [2]. According to the standard model (SM), the top quark decays through an elec-
troweak interaction almost exclusively to an on-shell W boson and a b quark. The magnitude of
the top-bottom charged current is proportional to |Vtb|, an element of the Cabibbo–Kobayashi–
Maskawa (CKM) matrix. Under the assumption that the CKM matrix is unitary, |Vtb| is ex-
pected to be close to unity and dominate over the off-diagonal elements, i.e. |Vtb| � |Vts|, |Vtd|.
Thus, the decay modes of the top quark to lighter down-type quarks (d or s) are allowed,
but highly suppressed. The indirect measurement of |Vtb|, from the unitarity constraint of the
CKM matrix, is |Vtb| = 0.999146+0.000021

�0.000046 [3]. Any deviation from this value or in the partial de-
cay width of the top quark to b quarks, would indicate new physics contributions such as those
from a new heavy up- and/or down-type quarks or a charged Higgs boson, amongst others [4].
Direct searches at the Large Hadron Collider (LHC) have set lower limits on the mass of these
hypothetical new particles [5–15], and the observation of a SM Higgs boson candidate [16–18]
places stringent constraints on the existence of a fourth sequential generation of quarks. These
results support the validity of both the unitarity hypothesis and the 3⇥ 3 structure of the CKM
matrix for the energy scale probed by the LHC experiments. However, other new physics con-
tributions, including those described above, could invalidate the bounds established so far on
|Vtb| [3].

In this Letter, we present a measurement of R = B(t ! Wb)/B(t ! Wq), where the de-
nominator includes the sum over the branching fractions of the top quark to a W boson and a
down-type quark (q = b, s, d). Under the assumption of the unitarity of the 3 ⇥ 3 CKM matrix,
it is possible to show [3] that R = |Vtb|2, and thus to indirectly measure |Vtb|. In addition,
the combination of a determination of R and a measurement of the t-channel single-top cross
section can provide an indirect measurement of the top-quark width (Gt) [19]. The most re-
cent measurement of Gt based on this approach [20] is found to be compatible with the SM
predictions with a relative uncertainty of approximately 22%. The value of R has been mea-
sured at the Tevatron, and the most precise result is obtained by the D0 Collaboration, where
R = 0.90 ± 0.04 (stat.+syst.) [21] indicates a tension with the SM prediction. This tension is
enhanced for the measurement in the tt dilepton decay channel, where both W bosons decay
leptonically and R = 0.86+0.041

�0.042 (stat.) ± 0.035 (syst.) is obtained. The most recent measurement
by the CDF Collaboration [22] is consistent with the SM prediction [3].

Owing to its purity, the tt dilepton channel is chosen for this measurement. Events are selected
from the data sample acquired in proton-proton collisions at

p
s = 8 TeV by the Compact Muon

Solenoid (CMS) experiment at the LHC during 2012. The integrated luminosity of the analyzed
data sample is 19.7 ± 0.5 fb�1 [23]. The selected events are used to measure the tt production
cross section by fitting the observed jet multiplicity distribution, constraining the signal and
background contributions. The b-quark content of the events is inferred from the distribution
of the number of b-tagged jets per event as a function of jet multiplicity for each of the dilepton
channels. Data-based strategies are used to constrain the main backgrounds and the contri-
butions of extra jets from gluon radiation in tt events. The R value is measured by fitting the
observed b-tagged jet distribution with a parametric model that depends on the observed cross
section, correcting for the fraction of jets that cannot be matched to a t ! Wq decay. The model
also depends on the efficiency for identifying b jets and discriminating them from other jets.
Lastly, the measurement of R is combined with a previously published CMS result of the t-
channel production cross section of single top quarks in pp collisions [24] to yield an indirect
determination of the top-quark total decay width.

SM:
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Table 4: Summary of the systematic uncertainties affecting the measurement of R. The values
of the uncertainties are relative to the value of R obtained from the fit.

Source Uncertainty (%)
Experimental uncertainties:
#b 2.4
#q 0.4
ftt 0.1
DY 0.2
misidentified lepton 0.1
JER 0.5
JES 0.5
unclustered Emiss

T 0.5
integrated luminosity 0.2
pileup 0.5
simulation statistics 0.5
fcorrect 0.5
model calibration 0.2
selection efficiency 0.1
Theoretical uncertainties:
top-quark mass 0.9
top-quark pT 0.5
ME-PS 0.5
µR/µF 0.5
signal generator 0.5
underlying event 0.1
colour reconnection 0.1
hadronisation 0.5
PDF 0.1
t ! Wq flavour 0.4
|Vtd|/|Vts| <0.01
relative single-top-quark fraction (tW) 0.1
VV (theoretical cross section) 0.1
extra sources of heavy flavour 0.4
Total systematic 3.2

for the statistical uncertainties and Gaussian distributions for the systematic uncertainties. By
constraining |Vtb|  1, a similar procedure is used to obtain |Vtb| > 0.975 at the 95% CL.

6.4 Indirect measurement of the top-quark total decay width

The result obtained for R can be combined with a measurement of the single-top-quark pro-
duction cross section in the t-channel to yield an indirect determination of the top-quark total
width Gt. Assuming that Âq B(t ! Wq) = 1, then R = B(t ! Wb) and

Gt =
st-ch.

B(t ! Wb)
· G(t ! Wb)

stheor.
t-ch.

, (7)

where st-ch. (stheor.
t-ch. ) is the measured (theoretical) t-channel single-top-quark cross section and

G(t ! Wb) is the top-quark partial decay width to Wb. If we assume a top-quark mass
of 172.5 GeV, then the theoretical partial width of the top quark decaying to Wb is G(t !
Wb) = 1.329 GeV [3]. A fit to the b-tagged jet multiplicity distribution in the data is per-
formed, leaving Gt as a free parameter. In the likelihood function we use the theoretical pre-
diction for the t-channel cross section at

p
s = 7 TeV from Ref. [56] and the corresponding
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7 Summary
A measurement of the ratio of the top-quark branching fractions R = B(t ! Wb)/B(t !
Wq), where the denominator includes the sum over the branching fractions of the top quark
to a W boson and a down-type quark (q = b, s, d), has been performed using a sample of tt
dilepton events. The sample has been selected from proton-proton collision data at

p
s = 8 TeV

from an integrated luminosity of 19.7 fb�1, collected with the CMS detector. The b-tagging
and misidentification efficiencies are derived from multijet control samples. The fractions of
events with 0, 1, or 2 selected jets from top-quark decays are determined using the lepton-
jet invariant-mass spectrum and an empirical model for the misassignment contribution. The
unconstrained measured value of R = 1.014 ± 0.003 (stat.) ± 0.032 (syst.) is consistent with the
SM prediction, and the main systematic uncertainty is from the b-tagging efficiency (⇡2.4%).
All other uncertainties are < 1%. A lower limit of R > 0.955 at 95% CL is obtained after
requiring R  1 and taking into account both statistical and systematical uncertainties. This
result translates into a lower limit |Vtb| > 0.975 at 95% CL when assuming the unitarity of the
three-generation CKM matrix. By combining this result with a previous CMS measurement of
the t-channel production cross section for single top quarks, an indirect measurement of the
top-quark total decay width Gt = 1.36 ± 0.02 (stat.)+0.14

�0.11 (syst.) GeV is obtained, in agreement
with the SM expectation. These measurements of R and Gt are the most precise to date and the
first obtained at the LHC.
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Figure 6: Variation of the log of the profile likelihood ratio (l) used to extract R from the data.
The variations observed in the combined fit and in the exclusive ee, µµ, and eµ channels, are
shown. The inset shows the inclusive b-tagged jet multiplicity distribution and the result of the
fit.

and the fraction of correct assignments ( fcorrect) from the data; these quantities are affected by
theoretical uncertainties related to the description of tt events, which have similar impact on the
final measurement, such as µR/µF, ME-PS, signal generator, top-quark mass, and top-quark pT.
Instrumental contributions from JES and JER, modelling of the unclustered Emiss

T component in
simulation, and the contribution from the DY and misidentified-lepton backgrounds are each
estimated to contribute a relative systematic uncertainty <0.6%. Another source of uncertainty
is due to the contribution from extra sources of heavy-flavour production, either from gluon
splitting in radiated jets or from decays in background events such as W ! cs. This effect has
been estimated in the computation of #q⇤ by assigning a conservative uncertainty of 100% to
the c and b contributions. The effect of the uncertainty in the misidentification efficiency is esti-
mated to be small (<1%), as well as other sources of uncertainty, such as pileup and integrated
luminosity.

If the three-generation CKM matrix is assumed to be unitary, then R = |Vtb|2 [4]. By perform-
ing the fit in terms of |Vtb|, a value of |Vtb| = 1.007 ± 0.016 (stat.+syst.) is measured. Upper
and lower endpoints of the 95% CL interval for R are extracted by using the Feldman–Cousins
(FC) frequentist approach [54]. The implementation of the FC method in ROOSTATS [55] is
used to compute the interval. All the nuisance parameters (including #b) are profiled in order
to take into account the corresponding uncertainties (statistical and systematic). If the condition
R  1 is imposed, we obtain R > 0.955 at the 95% CL. Figure 7 summarizes the expected limit
bands for 68% CL, 95% CL, and 99.7% CL, obtained from the FC method. The expected limit
bands are determined from the distribution of the profile likelihood obtained from simulated
pseudo-experiments. The upper and lower acceptance regions constructed in this procedure
are used to determine the endpoints on the allowed interval for R. In the pseudo-experiments
the expected signal and background yields are varied using Poisson probability distributions
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bounds on  δΓtop can probe inclusively rare decays  
for  BRexotic ≥ few %  at TLEP
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peak at

Table 11: Expected statistical uncertainties for mtop, �top and �top for TLEP, obtained from a five-years scan
of tt̄ threshold at

p
s ⇠ 350 GeV. The dominant experimental systematic uncertainties on the top quark mass are

expected to be of the order of or smaller than the statistical uncertainties for TLEP. Also indicated is the baseline
ILC potential for these measurements.

mtop �top �top

TLEP 10 MeV 11 MeV 13%
ILC 31 MeV 34 MeV 40%

measurements of mH, mZ, ↵em, mtop and ↵s may be used to estimate mW and sin2 ✓e↵W ,

mW = 80.361± 0.006± 0.004 GeV, (8)
sin2 ✓e↵W = 0.23152± 0.00005± 0.00005, (9)

where in each case the first error is the parametric uncertainty and the second is the estimated uncertainty
due to higher-order Electroweak corrections.

In both cases [73], the dominant parametric uncertainty is due to the experimental error in the
top mass, �mtop ⇠ 1 GeV, responsible for �mW ⇠ 6 MeV and � sin2 ✓e↵W ⇠ 3 ⇥ 10�5. A measure-
ment of mtop with a statistical precision of 10 to 20 MeV, as discussed above, could in principle reduce
these parametric uncertainties to �mW ⇠ 0.1 MeV and � sin2 ✓e↵W < 10�6, respectively. However,
there is currently a theoretical uncertainty in mtop associated with non-perturbative QCD, of the order
of ⇠ 100 MeV or more, which would need to be understood better. Other important parametric uncer-
tainties are those due to �mZ, responsible for �mW ⇠ 2.5 MeV and � sin2 ✓e↵W ⇠ 1.4 ⇥ 10�5. The
projected measurement of mZ with an error �MZ ⇠ 0.1 MeV would reduce these two parametric uncer-
tainties to �mW ⇠ 0.1 MeV and � sin2 ✓e↵W ⇠ 10�6 as well. Other important parametric uncertainties are
those associated with ↵em(mZ), which are currently �mW ⇠ 1 MeV and � sin2 ✓e↵W ⇠ 1.8⇥ 10�5. The
exploitation of the full power of TLEP would require reducing �↵em(mZ) by almost an order of magni-
tude, which will require significant improvements not only in lower-energy measurements of e+e� !
hadrons, but also in the theoretical understanding of radiative corrections [74–77].

These prospective reductions in the parametric errors of Eq. 9 will need to be accompanied by
order-of-magnitude reductions in the uncertainties associated with Electroweak corrections. This will
require a new generation of Electroweak calculations to higher order in Electroweak perturbation theory,
that are perhaps beyond the current state of the art, but within reach on the time scale required by TLEP.

4.5 Global fit of the EWSB parameters
Once the Higgs boson mass is measured and the top quark mass determined with a precision of a few
tens of MeV, the Standard Model prediction of a number of observables sensitive to Electroweak ra-
diative corrections will become absolute with no remaining additional parameters. Any deviation will
be a demonstration of the existence of new, weakly interacting particle(s). As was seen in the previous
chapters, TLEP will offer the opportunity of measurements of such quantities with precisions between
one and two orders of magnitude better than the present status of these measurements. The theoretical
prediction of these quantities with a matching precision will be a real challenge – as discussed in the
next section – but the ability of these tests of the completeness of the Standard Model to discover new
weakly-interacting particles beyond those already known is real.

As an illustration, the result of the fit of the Standard Model to all the Electroweak measurements
foreseen with TLEP-Z, as obtained with the GFitter program [78] under the assumptions that all rele-
vant theory uncertainties can be reduced to match the experimental uncertainties and that the error on
↵em(mZ) can be reduced by a factor 5, is displayed in Fig. 16 as 68% C.L. contours in the (mtop,mW)

33

Threshold scan

[Stewart]

● The resonance cross section  
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order. For each order four curves are plotted for ν= 0.1, 0.125, 0.2, and 0.4.
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FIGURE 4. (a) Position of the peak in the cross-section versus ν at NNLO (dashed) and NNLL (solid).
The vertical line at ν= 0.15 is a physically motivated endpoint for the running. (b) Variation of the NNLL
cross section for a ±10% change in the value of the top quark width.

section, and is essentially identical in the two approaches. The Rv results are shown in
Fig. 3 and use M1S

t = 175 GeV, αs(mZ) = 0.118 and Γt = 1.43 GeV. At each order
in the expansions four curves are shown which correspond to ν = 0.1, 0.125, 0.2, and
0.4. It is clearly visible that the NNLL results in Fig. 3(b) have much smaller scale
dependence than the NNLO results in Fig. 3(a). It should be noted that our NNLO
results shown in Fig. 3(a) agree quantitatively with those presented in Ref. [1]. The
uncertainty in these results stems to a large extent from the uncertainty in the choice of
the renormalization scales in the NNLO contributions. Essentially what the anomalous
dimensions and renormalization group do is remove this uncertainty. Also, more than
half of the improved convergence of the NNLL result is due to the reduced size of
Vk(ν= v0) compared to Vk(1).
From the remaining scale uncertainty and the size of some higher order QCD cor-

rections, the uncertainty in the NNLL cross section was conservatively estimated to be
±3% [8]. This level of precision should enable extractions of various top parameters
from the cross section with fairly good precision. In Fig. 4 we show the scale depen-
dence of the peak position for the NNLO (dashed) and NNLL (solid) predictions. The
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section, and is essentially identical in the two approaches. The Rv results are shown in
Fig. 3 and use M1S

t = 175 GeV, αs(mZ) = 0.118 and Γt = 1.43 GeV. At each order
in the expansions four curves are shown which correspond to ν = 0.1, 0.125, 0.2, and
0.4. It is clearly visible that the NNLL results in Fig. 3(b) have much smaller scale
dependence than the NNLO results in Fig. 3(a). It should be noted that our NNLO
results shown in Fig. 3(a) agree quantitatively with those presented in Ref. [1]. The
uncertainty in these results stems to a large extent from the uncertainty in the choice of
the renormalization scales in the NNLO contributions. Essentially what the anomalous
dimensions and renormalization group do is remove this uncertainty. Also, more than
half of the improved convergence of the NNLL result is due to the reduced size of
Vk(ν= v0) compared to Vk(1).
From the remaining scale uncertainty and the size of some higher order QCD cor-

rections, the uncertainty in the NNLL cross section was conservatively estimated to be
±3% [8]. This level of precision should enable extractions of various top parameters
from the cross section with fairly good precision. In Fig. 4 we show the scale depen-
dence of the peak position for the NNLO (dashed) and NNLL (solid) predictions. The
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t = 175 GeV, αs(mZ) = 0.118 and Γt = 1.43 GeV. At each order
in the expansions four curves are shown which correspond to ν = 0.1, 0.125, 0.2, and
0.4. It is clearly visible that the NNLL results in Fig. 3(b) have much smaller scale
dependence than the NNLO results in Fig. 3(a). It should be noted that our NNLO
results shown in Fig. 3(a) agree quantitatively with those presented in Ref. [1]. The
uncertainty in these results stems to a large extent from the uncertainty in the choice of
the renormalization scales in the NNLO contributions. Essentially what the anomalous
dimensions and renormalization group do is remove this uncertainty. Also, more than
half of the improved convergence of the NNLL result is due to the reduced size of
Vk(ν= v0) compared to Vk(1).
From the remaining scale uncertainty and the size of some higher order QCD cor-

rections, the uncertainty in the NNLL cross section was conservatively estimated to be
±3% [8]. This level of precision should enable extractions of various top parameters
from the cross section with fairly good precision. In Fig. 4 we show the scale depen-
dence of the peak position for the NNLO (dashed) and NNLL (solid) predictions. The
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 exclusive approach : 
 a) measurable SM rare top decays
BR(t ! s W ) ⇠ 2⇥ 10�3

t ! s W

Frank&Simon&(fsimon@mpp.mpg.de)
Top$Mass$at$e+e+$Colliders$
AWLC2014,&Fermilab,&May&2014

Reconstructing Top Quarks at Lepton Colliders

• Driven by production and decay:

• Production in pairs, decay to W and b

3

Event signature entirely 
given by the decay of the W 
bosons:

all hadronic

semi-leptonic

s

with 106       pairs

(Diaz-Cruz et al 0712.3782)

ILC sensitive to BR(t ! s W ) ⇠ 10�3

t̄t

direct observation of         coupl. tsW

needs discriminants to suppress dominant t ! bW

1.3 Top quark couplings 9

Strong interactions of the top quark are studied in top quark pair production, including the tt̄+jets processes,
both at the Tevatron and the LHC. A summary of the current prediction and measurements is shown in
Table 1-4. An experimental uncertainty of about 5% on �(pp ! tt̄) has been achieved at the 8 TeV LHC
and it is not expected to significantly improve beyond that during further LHC operations. The theory
prediction for the total cross-section through NNLO QCD is available [26, 27, 28]; it shows a residual scale
uncertainty of about 3.5%, comparable to experimental precision. Note that, at this level of precision,
electroweak corrections may be important; indeed, as shown in a recent update [29], the weak corrections to
tt̄ production at the LHC are close to �2.5%. We conclude that, at a few percent level, there is no indication
that strong interactions of top quarks are significantly di↵erent from that of light quarks.

More exotic types of modifications of top quark strong interactions, such as chromoelectric d
t

and chromo-
magnetic µ

t

dipole moments of top quarks, are better constrained from changes in kinematic distributions.
We will discuss this in Section 1.4. Ref. [30] finds that constraints of 1% or below are possible with 100 fb�1

at 13 TeV.

Exchanges of axigluons or Kaluza-Klein excitations of gluons not only modify couplings of top quarks to
gluons, but also generate four-fermion operators that involve light and heavy quarks (q̄T aq) (t̄T at). These
operators can be directly probed at the LHC, where the sensitivity to scales between 1.2 TeV and 3 TeV
can be expected [31].

Finally, top quark coupling to gluons can be probed at a linear collider through a threshold scan. The peak
cross-section at threshold is proportional to �peak ⇠ ↵3

s

/(m
t

�
t

). Using the total cross-section and other
measurements at threshold, one can determine the strong coupling constant with better than one percent
precision and the total width of the top quark �

t

with the precision of a few percent [8, 7].

Theory prediction LHC Measurement

CM Energy [TeV] 7 8 7 8

Luminosity [fb�1] 1-5 2-15

Top pairs �(tt̄) [pb] 172± 7 [26] 246± 10 [26] 173± 10 241± 32 (ATLAS) [32]

(LHC comb.) [33] 227± 15 (CMS) [34]

Single top �(t-chan) [pb] 66± 2 [35] 87± 3 [35] 83± 20 (ATLAS) [36] 95± 18 (ATLAS) [37]

67± 6 (CMS) [38] 80± 13 (CMS) [39]

Single top �(Wt) [pb] 15.6± 1.2 [35] 22.2± 1.5 [35] 16.8± 5.7 (ATLAS) [40] 27.2± 5.8(ATLAS) [41]

16± 4 (CMS) [42] 23.4± 5.4 (CMS) [43]

Table 1-4. LHC single top and top pair production cross-section measurements.

1.3.2 Weak interactions: W boson

The coupling of the top quark to the W boson is studied in top quark decays and in single top quark
production at the LHC and the Tevatron, and in top quark decays at the linear collider. The e↵ective
Lagrangian describing the Wtb interaction including operators up to dimension five is [24]

L = � gp
2
b̄�µ(V

L

P
L

+ V
R

P
R

)tW�
µ

� gp
2
b̄
i�µ⌫q

⌫

M
W

(g
L

P
L

+ g
R

P
R

)tW�
µ

+ h.c. , (1.4)

Community Planning Study: Snowmass 2013

can also probe anomalous interac.s of type  (b->s):

) 4 103 t ! sW



FCNC top decays in the SM

3 Predictions in different models

3.1 SM Predictions

In the SM the FCNC top-charm transition proceeds through CKM charge-current interactions, as
shown in Fig.5. Such transition is extremely weak since it is proportional to ∼ K2iK

∗

3if(mdi
) and

mdi
<< mt. The top-charm associated production rates at a linear collider is shown in Fig.6. A

summary of the SM predictions is given in Table 1.

Fig.5 An example of top-charm transition in the SM.
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Fig.6 Top-charm associated production rates at a linear collider in the SM [4].
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GIM-suppressed  by (
mb

MW
)4

Standard Model Predictions

(Aguilar-Saavedra hep-ph/0409342)

BR(t → cγ) ≃ 5× 10−14 , BR(t → uγ) ≃ 4× 10−16

BR(t → cg) ≃ 5× 10−12 , BR(t → ug) ≃ 4× 10−14

BR(t → cZ ) ≃ 1× 10−14 , BR(t → uZ ) ≃ 8× 10−17

BR(t → ch) ≃ 3× 10−15 , BR(t → uh) ≃ 2× 10−17

BR(t → uX)
BR(t → cX)

≃
!

!

!

!

Vub
Vcb

!

!

!

!

2
≃ 0.008

Any observation in the foreseeable future
would be a clear sign of New Physics!

Wolfgang Altmannshofer (PI) Rare and Exotic Top Decays LHCP, June 5, 2014 5 / 20
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 exclusive approach : 
 b) rare top decays measurable only in BSM frameworks



Comparison

1) Atwood, Reina, Soni hep-ph/9609279 2) Cao et al. hep-ph/0702264
3) Agashe, Contino 0906.1542; Azatov et al. 0906.1990; Casagrande et al. 1005.4315

see also Snowmass Top Quark Working Group Report 1311.2028

2HDM1) MSSM2) RS3)

t → cZ ! 10−6 ! 10−7 ! 10−5

t → cγ ! 10−7 ! 10−8 ! 10−9

t → cg ! 10−5 ! 10−7 ! 10−10

t → ch ! 10−2 ! 10−5 ! 10−4

Combining the information from the various decay modes would
allow to differentiate the underlying New Physics model

Wolfgang Altmannshofer (PI) Rare and Exotic Top Decays LHCP, June 5, 2014 16 / 20

New Physics models can hugely enhance predictions !"
Different models predict different pattern of enhancements
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Present LHC bounds from   
plus  single-top anomalous productionCurrent Bounds

Process Br Limit Search Dataset

t → Zq 5× 10−4 CMS t t̄ → Wb + Zq → ℓνb + ℓℓq 19.7 fb−1, 8 TeV

t → Zq 7.3× 10−3 ATLAS t t̄ → Wb + Zq → ℓνb + ℓℓq 2.1 fb−1, 7 TeV

t → gu 3.1× 10−5 ATLAS qg → t → Wb 14.2 fb−1, 8 TeV

t → gc 1.6× 10−4 ATLAS qg → t → Wb 14.2 fb−1, 8 TeV

t → γu 1.6× 10−4 CMS qg → tγ → Wbγ 19.1 fb−1, 8 TeV

t → γc 1.8× 10−3 CMS qg → tγ → Wbγ 19.1 fb−1, 8 TeV

t → hq 7.9× 10−3 ATLAS t t̄ → Wb + hq → ℓνb + γγq 20 fb−1, 8 TeV

t → hq 5.6× 10−3 CMS t t̄ → Wb + hq → ℓνb + ℓℓqX 19.5 fb−1, 8 TeV

in many cases experimental bounds can still
improve by ∼ 1 order of magnitude at the LHC

Wolfgang Altmannshofer (PI) Rare and Exotic Top Decays LHCP, June 5, 2014 10 / 20

single-top production more sensitive to  u-type vertex

Rare top quark decays: FCNC 

e+e− → tt̄
FCNC−−−−→ (Z/γ/g/h + j)(Wb)

[Snowmass white paper]

● FCNC top quark decays are highly suppressed in the SM
(light quark masses  and small CKM angle )

● New Physics models introduce significantly higher rates 

! Any measured deviation from zero indicates NP in the top quark decay
19/23

qg ! t(Z/�/H)



q = u, c
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g

2cW
Xqt q̄γµ(xL

qtPL + xR
qtPR)tZµ +

g

2cW
κqt q̄(κv

qt + κa
qtγ5)

iσµνqν

mt
tZµ

+eλqt q̄(λ
v
qt + λa

qtγ5)
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mt
tAµ + gsζqt q̄(ζ

v
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mt
T aqGaµ
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2
√

2
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qt|2 = 1
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Leff

mt = 178.0 ± 4.3 α(mt) =

most general effective Lagrangian for FC   
tqV(H)  interactions with terms up to dim 5

1/128.921 s2
W (mt) = 0.2342 αs(mt) = 0.108 mH = 115
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qt ,

Br(t → qZ)σ = 0.367 κ2
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Br(t → qγ) = 0.428 λ2
qt ,

Br(t → qg) = 7.93 ζ2
qt ,

Br(t → qH) = 3.88 × 10−2 g2
qt .

γtc

di = d, s, b

W

> 2⇥ 10�4
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> 2⇥ 10�3 ) �qt < 0.065

} > 5⇥ 10�4 ) Xqt < 0.033

) qt < 0.037

�µ⌫ terms grow with         momentum qnuV µ

Standard Model Predictions

(Aguilar-Saavedra hep-ph/0409342)

BR(t → cγ) ≃ 5× 10−14 , BR(t → uγ) ≃ 4× 10−16
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Any observation in the foreseeable future
would be a clear sign of New Physics!
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1.5 Rare decays 23

Table 1-9. Projected limits on top FCNCs at the LHC and ILC. “Extrap.” denotes estimates based on
extrapolation as described in the text. For the ILC/CLIC, limits for various tensor couplings (i.e., with �µ⌫

structure) are shown inside ().

Process Br Limit Search Dataset Reference

t ! Zq 2.2⇥ 10�4 ATLAS tt̄ ! Wb+ Zq ! `⌫b+ ``q 300 fb�1, 14 TeV [140]

t ! Zq 7⇥ 10�5 ATLAS tt̄ ! Wb+ Zq ! `⌫b+ ``q 3000 fb�1, 14 TeV [140]

t ! Zq 5 (2)⇥ 10�4 ILC single top, �
µ

(�
µ⌫

) 500 fb�1, 250 GeV Extrap.

t ! Zq 1.5 (1.1)⇥ 10�4 (�5) ILC single top, �
µ

(�
µ⌫

) 500 fb�1, 500 GeV [141]

t ! Zq 1.6 (1.7)⇥ 10�3 ILC tt̄, �
µ

(�
µ⌫

) 500 fb�1, 500 GeV [141]

t ! �q 8⇥ 10�5 ATLAS tt̄ ! Wb+ �q 300 fb�1, 14 TeV [140]

t ! �q 2.5⇥ 10�5 ATLAS tt̄ ! Wb+ �q 3000 fb�1, 14 TeV [140]

t ! �q 6⇥ 10�5 ILC single top 500 fb�1, 250 GeV Extrap.

t ! �q 6.4⇥ 10�6 ILC single top 500 fb�1, 500 GeV [141]

t ! �q 1.0⇥ 10�4 ILC tt̄ 500 fb�1, 500 GeV [141]

t ! gu 4⇥ 10�6 ATLAS qg ! t ! Wb 300 fb�1, 14 TeV Extrap.

t ! gu 1⇥ 10�6 ATLAS qg ! t ! Wb 3000 fb�1, 14 TeV Extrap.

t ! gc 1⇥ 10�5 ATLAS qg ! t ! Wb 300 fb�1, 14 TeV Extrap.

t ! gc 4⇥ 10�6 ATLAS qg ! t ! Wb 3000 fb�1, 14 TeV Extrap.

t ! hq 2⇥ 10�3 LHC tt̄ ! Wb+ hq ! `⌫b+ ``qX 300 fb�1, 14 TeV Extrap.

t ! hq 5⇥ 10�4 LHC tt̄ ! Wb+ hq ! `⌫b+ ``qX 3000 fb�1, 14 TeV Extrap.

t ! hq 5⇥ 10�4 LHC tt̄ ! Wb+ hq ! `⌫b+ ��q 300 fb�1, 14 TeV Extrap.

t ! hq 2⇥ 10�4 LHC tt̄ ! Wb+ hq ! `⌫b+ ��q 3000 fb�1, 14 TeV Extrap.

1.5.4 Projected Limits

Although current direct limits on flavor-violating top couplings do not appreciably encroach on the parameter
space of motivated theories (compare tables 1-7 and 1-8), future colliders should attain meaningful sensitivity
(see table 1-9). Here we will focus on the sensitivity of the

p
s = 14 TeV LHC after 300 and 3000 fb�1

of integrated luminosity, as well as the ILC operating at
p
s = 250 and the ILC/CLIC at 500 GeV, with

500 fb�1 of integrated luminosity. The case of the
p
s = 250 GeV ILC is particularly interesting, since it

possesses sensitivity to top FCNCs through single-top production via a photon or Z boson.

1.5.4.1 LHC projections

At present, estimates of future LHC sensitivity to top FCNCs arise from two sources: o�cial projections
from the European Strategy Group (ESG) report [140] and approximate extrapolation from current searches
at the 7 and 8 TeV LHC based on changes in luminosity, energy, and trigger thresholds. Table 1-9 provides
a summary of the projected limits at the 14 TeV LHC with 300 and 3000 fb�1 integrated luminosity.

Community Planning Study: Snowmass 2013

Comparison

1) Atwood, Reina, Soni hep-ph/9609279 2) Cao et al. hep-ph/0702264
3) Agashe, Contino 0906.1542; Azatov et al. 0906.1990; Casagrande et al. 1005.4315

see also Snowmass Top Quark Working Group Report 1311.2028

2HDM1) MSSM2) RS3)

t → cZ ! 10−6 ! 10−7 ! 10−5

t → cγ ! 10−7 ! 10−8 ! 10−9

t → cg ! 10−5 ! 10−7 ! 10−10

t → ch ! 10−2 ! 10−5 ! 10−4

Combining the information from the various decay modes would
allow to differentiate the underlying New Physics model
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 bounds on tqZ and tq�

at ILC,  most  sensitive one!
TLEP studies for FCNC single top in progress 

*

*

* extrapolated 

ILC  versus  full  LHC 

�µ⌫ terms grow with         momentum qmuV µ

) e+e� ! �, Z(qµ) ! tq



Bar-Shalom, Wudka  9905407
Han and Hewett 9811237

Aguilar-Saavedra, Riemann 0102197

main  background  from  W j j

e+e� ! �, Z(qµ) ! tq

2 Generation of signals and backgrounds

In order to describe the FCN couplings among the top, a light quark q and a Z boson or a
photon A we use the Lagrangian

− L =
gW

2cW
Xtq t̄γµ(xL

tqPL + xR
tqPR)qZµ +

gW

2cW
κtq t̄(κv

tq − κa
tqγ5)

iσµνqν

mt
qZµ

+eλtq t̄(λv
tq − λa

tqγ5)
iσµνqν

mt
qAµ , (1)

where PR,L = (1±γ5)/2. The chirality-dependent parts are normalized to (xL
tq)

2 +(xR
tq)

2 = 1,
(κv

tq)
2 + (κa

tq)
2 = 1, (λv

tq)
2 + (λa

tq)
2 = 1. This effective Lagrangian contains γµ terms of

dimension 4 and σµν terms of dimension 5. The couplings are constants corresponding to the
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For top decays we study the SM process e+e− → tt̄, followed by antitop decay mediated
by an anomalous Ztq or γtq coupling (see Fig. 2). This gives the signals tq̄Z and tq̄γ, and
the observation of the final state distinguishes Ztq and γtq couplings. In the tq̄, tq̄Z and tq̄γ
signals the top is assumed to decay via t → W+b → l+νb, with l = e, µ. For the tq̄Z signal
we only consider the Z boson decays to electrons and muons.

For the tq̄ signal we calculate the matrix element e+e− → tq̄ → W+bq̄ → l+νbq̄. For the
tq̄Z and tq̄γ signals we calculate e+e− → tt̄ → W+bq̄Z → l+νbq̄l′+l′− and e+e− → tt̄ →
W+bq̄γ → l+νbq̄γ, respectively. These matrix elements are evaluated using HELAS [27] and
introducing a new HELAS-like subroutine IOV2XX to compute the non-renormalizable σµν

vertex. This new routine has been checked by hand. In all cases we sum the contribution of
the charge conjugate processes. For the tq̄V signals there is an additional contribution from
tq̄ production plus radiative emission of a Z boson or a photon. This correction is suppressed
because it does not have the enhancement due to the t̄ on-shell, and is even smaller after the
kinematical cuts for the signal reconstruction.
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For top decays we study the SM process e+e− → tt̄, followed by antitop decay mediated
by an anomalous Ztq or γtq coupling (see Fig. 2). This gives the signals tq̄Z and tq̄γ, and
the observation of the final state distinguishes Ztq and γtq couplings. In the tq̄, tq̄Z and tq̄γ
signals the top is assumed to decay via t → W+b → l+νb, with l = e, µ. For the tq̄Z signal
we only consider the Z boson decays to electrons and muons.

For the tq̄ signal we calculate the matrix element e+e− → tq̄ → W+bq̄ → l+νbq̄. For the
tq̄Z and tq̄γ signals we calculate e+e− → tt̄ → W+bq̄Z → l+νbq̄l′+l′− and e+e− → tt̄ →
W+bq̄γ → l+νbq̄γ, respectively. These matrix elements are evaluated using HELAS [27] and
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vertex. This new routine has been checked by hand. In all cases we sum the contribution of
the charge conjugate processes. For the tq̄V signals there is an additional contribution from
tq̄ production plus radiative emission of a Z boson or a photon. This correction is suppressed
because it does not have the enhancement due to the t̄ on-shell, and is even smaller after the
kinematical cuts for the signal reconstruction.
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E= 240 GeV   (max cross section and large lumi at TLEP) 
versus   
E= 500 GeV  (lower bckgd and more sensitive to          terms )

Updated  analysis  at  TLEP 240  in  progress
(Azzi, Biswas, Margaroli, BM)
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by an anomalous Ztq or γtq coupling (see Fig. 2). This gives the signals tq̄Z and tq̄γ, and
the observation of the final state distinguishes Ztq and γtq couplings. In the tq̄, tq̄Z and tq̄γ
signals the top is assumed to decay via t → W+b → l+νb, with l = e, µ. For the tq̄Z signal
we only consider the Z boson decays to electrons and muons.

For the tq̄ signal we calculate the matrix element e+e− → tq̄ → W+bq̄ → l+νbq̄. For the
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W+bq̄γ → l+νbq̄γ, respectively. These matrix elements are evaluated using HELAS [27] and
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vertex. This new routine has been checked by hand. In all cases we sum the contribution of
the charge conjugate processes. For the tq̄V signals there is an additional contribution from
tq̄ production plus radiative emission of a Z boson or a photon. This correction is suppressed
because it does not have the enhancement due to the t̄ on-shell, and is even smaller after the
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For top decays we study the SM process e+e− → tt̄, followed by antitop decay mediated
by an anomalous Ztq or γtq coupling (see Fig. 2). This gives the signals tq̄Z and tq̄γ, and
the observation of the final state distinguishes Ztq and γtq couplings. In the tq̄, tq̄Z and tq̄γ
signals the top is assumed to decay via t → W+b → l+νb, with l = e, µ. For the tq̄Z signal
we only consider the Z boson decays to electrons and muons.

For the tq̄ signal we calculate the matrix element e+e− → tq̄ → W+bq̄ → l+νbq̄. For the
tq̄Z and tq̄γ signals we calculate e+e− → tt̄ → W+bq̄Z → l+νbq̄l′+l′− and e+e− → tt̄ →
W+bq̄γ → l+νbq̄γ, respectively. These matrix elements are evaluated using HELAS [27] and
introducing a new HELAS-like subroutine IOV2XX to compute the non-renormalizable σµν

vertex. This new routine has been checked by hand. In all cases we sum the contribution of
the charge conjugate processes. For the tq̄V signals there is an additional contribution from
tq̄ production plus radiative emission of a Z boson or a photon. This correction is suppressed
because it does not have the enhancement due to the t̄ on-shell, and is even smaller after the
kinematical cuts for the signal reconstruction.
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For top decays we study the SM process e+e− → tt̄, followed by antitop decay mediated
by an anomalous Ztq or γtq coupling (see Fig. 2). This gives the signals tq̄Z and tq̄γ, and
the observation of the final state distinguishes Ztq and γtq couplings. In the tq̄, tq̄Z and tq̄γ
signals the top is assumed to decay via t → W+b → l+νb, with l = e, µ. For the tq̄Z signal
we only consider the Z boson decays to electrons and muons.

For the tq̄ signal we calculate the matrix element e+e− → tq̄ → W+bq̄ → l+νbq̄. For the
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For top decays we study the SM process e+e− → tt̄, followed by antitop decay mediated
by an anomalous Ztq or γtq coupling (see Fig. 2). This gives the signals tq̄Z and tq̄γ, and
the observation of the final state distinguishes Ztq and γtq couplings. In the tq̄, tq̄Z and tq̄γ
signals the top is assumed to decay via t → W+b → l+νb, with l = e, µ. For the tq̄Z signal
we only consider the Z boson decays to electrons and muons.

For the tq̄ signal we calculate the matrix element e+e− → tq̄ → W+bq̄ → l+νbq̄. For the
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the charge conjugate processes. For the tq̄V signals there is an additional contribution from
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because it does not have the enhancement due to the t̄ on-shell, and is even smaller after the
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disentangling photon from Z vertex can require  
looking at top  FCNC decays at tt threshold

Madgraph5



Outlook
ever since its discovery,  the  top  quark  has never been 

produced  and  studied  in  such a clean environment  
as the one expected in e+e- collisions

 e+e- collisions will  almost allow to trace back   
top-quark final states on an event-by-event basis

this will open the opportunity to look at details of top 
production and kinematics that is unthinkable in 

hadron collisions   
(relevant strategies mostly still to be developed …)

rare top decays is one of the (many) top physics 
chapters that would widely benefit from such 

spectacularly clean environment


