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a few thoughts … 

 not an exhaustive discussion !



heavy top mass allows decays into new BSM states

just few 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

could have many different "unexpected" 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



what about e+e- collider ?



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

1We 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.
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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 !)



two different approaches to  rare  top decays   

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

 proposal for e+e- collisions 
➜		hard to conceive at  hadron colliders !

t ! s W

• “exclusive” approach       (two examples)  
@ “measurable” SM rare top decays  ➜		

• @  rare top decays measurable only in BSM 
➜
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t ! c � (Z, g,H) (BRSM < 10-12)

(BR ~ 10-3)



inclusive approaches to exotic top decays 

here we focus on :



bounds on         can bound exotic decay widths
[excess in top total width: Γtop-Γtop(SM)] 

inclusive approach (a) ➜➜	THEORY

� �top

 top width  most recent  N3LO QCD determination (SM):
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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+t̄(t� ch.)/�tt̄ 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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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

(mt = 172.5GeV)

SM:

+ (b ➜	s,d)
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Improved analysis of the decay width of t → Wb up to N3LO QCD corrections
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In this paper, we analyze the top-quark decay t → Wb up to next-to-next-to-next-to-leading order
(N3LO) QCD corrections. For the purpose, we first adopt the principle of maximum conformality
(PMC) to deal with the initial pQCD series. Then we adopt the Bayesian analysis approach, which
quantifies the unknown higher-order terms’ contributions in terms of a probability distribution, to
estimate the possible magnitude of the uncalculated N4LO-terms. In our calculation, an effective
strong coupling constant αs(Q∗) is determined by using all non-conformal {βi} terms associated with

the renormalization group equation. This leads to a next-to-leading-log PMC scale Q(NLL)
∗ = 10.3048

GeV, which can be regarded as the correct momentum flow of the process. Consequently, we obtain
an improved scale-invariant pQCD prediction for the top-quark decay width, e.g. Γtot

t = 1.3120 ±
0.0038 GeV, whose error is the squared average of the uncertainties from the decay width of W -
boson ∆ΓW = ±0.042 GeV, the coupling constant ∆αs(mZ) = ±0.0009, and the predicted N4LO-
terms. The magnitude of the top-quark pole mass greatly affects the total decay width. By further
taking the PDG top-quark pole mass error from cross-section measurements into consideration, e.g.
∆mt = ±0.7 GeV, we obtain Γtot

t = 1.3120+0.0194
−0.0192 GeV.

I. INTRODUCTION

The top quark is the heaviest elementary particle in the
Standard Model (SM), and it is remarkable for its decay
processes. Compared to other quarks, the top quark has
a much larger mass and a significantly shorter lifetime.
It does not have enough time to form any hadron be-
fore decaying itself. The top quark’s substantial Yukawa
coupling with the Higgs boson exerts considerable influ-
ence on the SM observables. Furthermore, it serves as an
exceptional laboratory for probing fundamental interac-
tions at the Electroweak (EW) symmetry-breaking scale
and beyond.
Within the SM, the top quark decays almost exclu-

sively into a W -boson and a b-quark. Thus the top-
quark total decay width can be deduced from the par-
tial decay width Γ(t → Wb) and the branching frac-
tion B(t → Wb). In 2012, using the integrated lumi-
nosity of 5.4 fb−1, which is collected by the D0 Col-
laboration at the Tevatron pp̄ Collider, Γt = 2.00+0.47

−0.43
GeV was extracted [1]. In 2014, the CMS Collabora-
tion provided a better determination of the total width,
Γt = 1.36± 0.02(stat.)+0.14

−0.11(syst.) GeV [2], where “stat.”
and “syst.” are short notations for statistical and sys-
tematic errors, respectively. This measurement is based
on the assumption B(t → Wq) = 1, which includes the
sum over all down-type quarks q = (b, s, d). In 2017, an
initial direct measurement was conducted by an ATLAS
analysis, which involves the direct fitting of reconstructed

∗ yjiang@cqu.edu.cn
† wuxg@cqu.edu.cn
‡ zhouhua@swust.edu.cn
§ liht@cqu.edu.cn
¶ sjh@cqu.edu.cn

lepton+jets events by using the integrated luminosity of
20.2 fb−1 at a center-of-mass energy of

√
s = 8 TeV. This

resulted in Γt = 1.76±0.33(stat.)+0.79
−0.68(syst.) GeV [3]. In

2019, a measurement by the ATLAS Collaboration, us-
ing the integrated luminosity of 139 fb−1 at the center-
of-mass energy of

√
s = 13 TeV, employed a template fit

to the invariant mass of the lepton-b-quark in dilepton
final states. This yielded Γt = 1.94+0.52

−0.49 GeV [4]. The
Particle Data Group (PDG) reported the world average
as Γ(t → Wq) = 1.42+0.19

−0.15 GeV and B(t → Wb) = Γ(t →
Wb)/Γ(t → Wq) = 0.957± 0.034 [5].
Theoretically, the next-to-leading order (NLO) quan-

tum chromodynamics (QCD) corrections were first com-
puted in Refs.[6–9], while the NLO EW corrections were
provided in Refs.[10, 11]. The next-to-next-to-leading
order (N2LO) QCD corrections for the t → Wb decay
had been done by using the asymptotic expansion [12–
16], and the complete N2LO analytical results were avail-
able in Ref.[17]. The N2LO polarized decay rates were
calculated in Refs.[18, 19]. Recently, the next-to-next-
to-next-to-leading order (N3LO) corrections in the large-
NC limit have been presented in Ref.[20], and the first
complete high-precision numerical results of N3LO QCD
corrections have also been given in Ref.[21]. Those two
predictions agree well with each other, indicating that
the leading-color contributions are dominant and the ap-
proximation of large-NC limit is highly reliable at least
for this particular process.
Due to the large kinematic scale Q ∼ O(mt) and the

small strong coupling constant αs(mt) ∼ 0.1, the pQCD
series for the t → Wb total decay width up to the N3LO-
level exhibits good convergence. It however still has a
sizable renormalization scale dependence due to the di-
vergent renormalon terms [22–24]. Practically, one usu-
ally selects the renormalization scale as µR = mt so as
to eliminate the divergent large logarithmic terms like

(2404.11133)

 ∆Γtop (TH) ~ 1.5 %[uncertainty in top total width Γtop] 



 PRESENT ➜ top width measurement at hadron colliders :

assuming 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 E

miss
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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 ∆Γtop (exp) ~ 200 MeV ~ 13%

inclusive approach (a) ➜➜		MEASUREMENTS



(model independent)  Γtop measurement at ~3% at FCC-ee

bounds on  δ Γtop can probe inclusively rare decays  
with  BRexotic≥ few %    at FCC-ee

resonance cross section at threshold very sensitive to                          ;  
peak at

Threshold scan

[Stewart]

● The resonance cross section  
is very sensitive to strong coupling, top quark mass and width.

● Higgs boson exchange introduces dependence on yt through loops.

! To what precision can we predict threshold dynamics?
What is the expected experimental sensitivity?

σres ∼ α3s
!
(mtΓt)

4/23

inclusive approach (a) ➜➜		FCC-ee

↵s, mt, �t

• FCC CDR, vol. 2
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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
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one further inclusive approach 



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

e+e� ! tt̄

10/29

Key to absolute Higgs couplings

¾ σୌ,𝑔ு 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 =
σு𝐵𝑟 𝐻 → 𝑋𝑋

σு
∝ 𝑔ுଶ

σு ∝ 𝑔ுଶ

 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,SS H	➜	gg)

inclusive Higgs studies through Z recoil system [LHC]
X

5Gregorio Bernardi APC - Paris

Higgs Physics at the ZH threshold

5Gregorio Bernardi APC - Paris

Higgs Physics at the ZH threshold



b)  look for events containing  
one top-system with  
a veto on a 2nd tagged top  
(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 ~ 365 GeV



how good can be this strategy depends on  
how efficiently we are able to simulate  

the real SM top pair production !

any SM tt  event badly reconstructed  
(where only one top passes the tagging request)  

contributes in principle to a fake “exotic top width”

  actual general strategy ???   
- take a SM tt fully simulated sample 
- require kinematically robust (➜	hadronic) tag for first top 
- put a veto on top-like had+lep tag  on second top 
- measure how much is left out of the SM tt sample  
- sensitivity to Γtop excess is connected to that ! 

[ a Γtop excess can hide inside SM tt reco inefficiencies]



actually events will be in general so clean  
that in the real exp sample 
it would be feasible to look  

into the “unrecognized” tt events  
and scrutinize what is inside the second top 

 ➜ going beyond inclusive approach…

a comment :

“unrecognized” tt ➜	only	single	tag	passed



a realistic study would need detailed detector characteristics !

we started by estimating how efficiently  
one can reconstruct SM tt events  
from a "theoretical" Monte Carlo sample 

(Madgraph5 followed by Pythia8)
"theoretical" ➜	not	including	detector	effects

G. Corcella, BM,  D. Sengupta

focus on   tt ➜ bjj bjj 

branching ratio. Hence, allowing both of the pair-produced top quarks to decay into rare
channels would make it even more scarce, thereby, making it almost impossible to study.
Therefore, we study processes where one of the pair-produced top quark decays to a b-quark
and a W

± boson while the other top quark decays through one of the rare channels. As an
example we investigate the process shown in Fig. 8b.
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(b) Rare decay of Top quarks

Both the SM process (Fig. 8a) and the BSM process (Fig. 8b) involve pair-produced top
quarks. The only di�erence between the SM process and the BSM process is that both of
the pair-produced top quarks decay via SM-like channel in the former while in the latter
one of the pair-produced top quarks decays via BSM-like channel and the other top quark
decays via SM-like channel. Therefore, in the SM process, the final state contains 2 b�
jets and 4 light jets while the final state of the BSM process contains the same along with
additional missing ET . Both of these processes are simulated using Madgraph [10] followed
by Pythia8 [11, 12] at

p
s = 365 GeV. The jets are clustered using ee kT algorithm, also

known as the Durham algorithm [13] embedded in Fastjet [14], requiring exactly 6 jets.
These simulated events are then analyzed by minimizing �

2 to identify and select the final
state particle originating from the decay of a single top quark.

Since in both BSM and SM process, one of the top quark decays via SM-like channel
into a b-jet and two light jets, therefore, on minimizing �

2, it is expected that for both
BSM and SM process, one would e�ciently identify the b-jet and two light jets that are
originating from the decay of a single top quark. Therefore, invariant mass of this b-jet
and two light jets should yield a sharp peak around mtop ⇠ 173.2 GeV, as can be seen in
Fig. 9. In Fig. 9, the purple curve denotes the SM process while the green curve denotes
the BSM process. As we can see from Fig. 9, both BSM process and the SM process almost
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smaller cross-section and hence are not of much significance. Such processes form relevant
background for the process of our interest. In Fig. 2, the distribution for invariant mass of
1 b-jet and 2 light jets has been shown for the SM signal (denoted by purple curve) and the
above-mentioned 3 SM backgrounds (denoted by red, green and cyan curve). Fig. 2 shows
that the cross-section for the SM signal is much higher than that of the SM background
processes. Hence, in the e

+
e
� collider it is quite straightforward to di�erentiate the SM

signal from the SM backgrounds.
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Figure 2: mbjj for SM process and relevant background.

Now that we have successfully filtered out the SM signal without any significant loss
of events, we focus on reconstructing the mass of the top quark from its hadronic decay
products with highest possible e�ciency. In the following section, we discuss two algorithms
to do the same and select the best algorithm to deduce the upper bound on the branching
ratio of rare decay mode of a top quark. Later in Appendix. A we use this chosen algorithm
for evaluation and exclusive extraction of a BSM process where one of the top quark decays
through a rare channel.

3 Reconstructing the top quark from its decay prod-

ucts

In the SM, the top quark decays into a b-quark and a W
± boson with almost 100% branching

ratio. Therefore, considering hadronic decay of the W
± boson, the final state of a pair-

produced top quarks should yield 2 b-jets and 4 light jets i.e., a total of 6 jets. Therefore,
in order to examine the e�ciency of our designed algorithm to fully construct hadronically-
decaying pair produced top quarks, this SM process [e+e� > tt̄, (t > bW

+
,W

+
> jj), (t̄ >

bW
�
,W

�
> jj))] is simulated using Madgraph5 [10] followed by Pythia8 [11, 12] at

p
s = 365 GeV. The jets are clustered using ee kT algorithm, also known as the Durham
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tiny physical bckgrs !   (tt ➜	4j+2b)



- jets are clustered using ee kT (Durham) algorithm, 
embedded in Fastjet, requiring exactly 6 jets 

- ~ 98% of events match the 2b+4j flavour composition 

how to match properly light jets to the right top system 
in mbjj  ? 

branching ratio. Hence, allowing both of the pair-produced top quarks to decay into rare
channels would make it even more scarce, thereby, making it almost impossible to study.
Therefore, we study processes where one of the pair-produced top quark decays to a b-quark
and a W

± boson while the other top quark decays through one of the rare channels. As an
example we investigate the process shown in Fig. 8b.
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Both the SM process (Fig. 8a) and the BSM process (Fig. 8b) involve pair-produced top
quarks. The only di�erence between the SM process and the BSM process is that both of
the pair-produced top quarks decay via SM-like channel in the former while in the latter
one of the pair-produced top quarks decays via BSM-like channel and the other top quark
decays via SM-like channel. Therefore, in the SM process, the final state contains 2 b�
jets and 4 light jets while the final state of the BSM process contains the same along with
additional missing ET . Both of these processes are simulated using Madgraph [10] followed
by Pythia8 [11, 12] at

p
s = 365 GeV. The jets are clustered using ee kT algorithm, also

known as the Durham algorithm [13] embedded in Fastjet [14], requiring exactly 6 jets.
These simulated events are then analyzed by minimizing �

2 to identify and select the final
state particle originating from the decay of a single top quark.

Since in both BSM and SM process, one of the top quark decays via SM-like channel
into a b-jet and two light jets, therefore, on minimizing �

2, it is expected that for both
BSM and SM process, one would e�ciently identify the b-jet and two light jets that are
originating from the decay of a single top quark. Therefore, invariant mass of this b-jet
and two light jets should yield a sharp peak around mtop ⇠ 173.2 GeV, as can be seen in
Fig. 9. In Fig. 9, the purple curve denotes the SM process while the green curve denotes
the BSM process. As we can see from Fig. 9, both BSM process and the SM process almost
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matching properly light jets+b to the right top system in mbjj

algorithm [13] embedded in Fastjet [14], requiring exactly 6 jets. Although all events
should yield exactly 2 b�jets and 4 light jets in the final state, on scrutinizing the flavors
of the jets, we obtain ⇠ 97% events to yield exactly 2 b�jets and 4 light jets. The slight
discrepancy ⇠ 3% lies in the minute deficiency in the accuracy of the jet algorithm. For
the SM process, ideally, one would expect that all the events with exactly 2 b-jet and 4
light jets should give rise to exactly two top quarks when the invariant mass for the correct
combination of one b-jet and two light jets, denoted by mbjj, is calculated. Whether the
correct combination is selected or not depends on the e�ciency of the method of identifying
the source of the final states. We discuss two such e�ective methods and compare their
e�ciencies as follows.

3.1 Minimizing �
2

Since each of the pair-produced top quarks decays into a b�jet and a W
± boson which further

decays into two light jets, hence it is expected that on selecting the correct combination of
two light jets and a b� jet, one should be able to reconstruct mW from the invariant mass
of the two light jets and mtop from the invariant mass of the two light jets and the b-jet.
Since the top quark is produced alongside its anti-particle, therefore, it is also expected
that the recoil mass calculated using the properties of the decay products of the particles
originating from this top quark, as in Eqn. 3.1, should also yield mtop, provided the the
correct combination of two light jets and a b� jet is used to calculate the recoil mass.

m
2
recoil = s+m

2
t � 2⇥ Et ⇥

p
s (3.1)

With these requirements to be met, one can deduce that one of the best possible ways to
select the correct combination of two light jets and a b� jet i.e., the final states of a top
quark decaying fully hadronically, is to select those two light jets and that b-jet for which
the variable �

2 defined as (mjj � mw)2 + (mbjj � mtop)2 + (mrecoil � mtop)2, is minimum.
This particular algorithm is motivated by Ref. [15] and Ref. [16], where the concept of recoil
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the di�erence between the recoil mass (Fig. 5) and the invariant mass of the two light jets
along with the b� jet shown in Fig. 4.
On minimizing �

2, one is expected to select the two light jets and the b-jet which are the
final states of a single top quark. Therefore, invariant mass distribution of these two light
jets along with the b-jet should yield a sharp peak around mtop ⇠ 173.2 GeV, as can be seen
in Fig. 3. The other set of two light jets and the b-jet also originates from decay of a top
quark, hence their invariant mass distribution should also peak around mtop ⇠ 173.2 GeV,
as it does in Fig. 4. Since the first top is produced along with its anti-particle, therefore the
recoil mass distribution should also peak around mtop ⇠ 173.2 GeV, as it does in Fig. 5.
Since both the recoil mass and the invariant mass of the second set of two light jets and
the b-jet should ideally yield the mass of the same particle that is produced along with the
first top quark, hence the di�erence between the recoil mass and the invariant mass of the
second set of two light jets and the b-jet should ideally be 0, as supported by Fig. 6.
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With this method of identifying the final states originating from the same top quark,
we find that while ⇠ 97.85% events have exactly 2 b-jet and 4 light jets, 97.34% events
have exactly two top quarks considering mbjj lies between mtop ± 50 GeV. Considering that
minimizing �

2 can identify the final states originating from the same top quark with 100%

e�ciency, this 0.51% discrepancy put the upper bound on the branching ratio of top quark
decaying via rare channels.
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97.85% events have exactly 2 b-jet and 4 light jets

97.34% events have two top quarks with mbjj  between mtop ± 50 GeV

➜ ~ 0.5% accuracy in SM top system reconstruction 
➜	bound on BRexotic
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: In order to check if we can improve e�-
ciency of identifying the final states of the top quark decaying fully hadronically via SM-like
channel, we try to find if there is any other relevant property associated with this kind of
decay of top quark beside the properties mjj ⇠ mW , mbjj ⇠ mtop and mrecoil ⇠ mtop. We
find that the angular distribution between the b-jet and the system of the light jets originat-
ing from W

± boson, peak around 2.35 radian if they originate from the decay of a single top
quark. This extremely particular characteristic has been exhibited in Fig. 7 where the blue
curve denotes the angular distribution of b-jet and W originating from the same top quark
while the orange curve denote the angular distribution between b-jet and W not coming
from the same top quark.
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Therefore, we define another variable �
02 as defined as (mjj �mw)2 + (mbjj �mtop)2 +

(mrecoil � mtop)2 + (✓bw � 2.35)2 and minimize �
02 in the following section to see if it in-

deed improves the e�ciency of identifying the final states of the top quark decaying fully
hadronically via SM-like channel.
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correct combination

incorrect combination

adding this structure to the X2 minimization does 
not affect the result in a sensitive way !



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


