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DISCLAIMERS

• Only starting thinking about this when I was invited 
to give this talk last month.  

• Do not claim to be exhaustive, almost certainly other 
interesting things to say about top quarks at FCC-hh.  

• Top quarks are interesting and important, won’t give 
any other motivation.  
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TOP QUARK AT FCC-HH

Energy Luminosity � (pb) Ntt̄

LHC I 8 TeV 20 fb�1 250 5 · 106
HL-LHC 14 TeV 3 ab�1 1,000 3 · 109
FCC 100 TeV 1 ab�1 3 · 104 3 · 1010

FCC-HL 100 TeV 30 ab�1 3 · 104 1012

Enormous sample of top pairs at FCC.
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20 Top quark working group report

Table 1-7. SM and new physics model predictions for branching ratios of top FCNC decays. The SM
predictions are taken from [119], on 2HDM with flavor violating Yukawa couplings [119, 120] (2HDM (FV)
column), the 2HDM flavor conserving (FC) case from [121], the MSSM with 1TeV squarks and gluinos
from [122], the MSSM for the R-parity violating case from [123, 124], and warped extra dimensions (RS)
from [125, 126] .

Process SM 2HDM(FV) 2HDM(FC) MSSM RPV RS

t ! Zu 7⇥ 10�17 – –  10�7  10�6 –

t ! Zc 1⇥ 10�14  10�6  10�10  10�7  10�6  10�5

t ! gu 4⇥ 10�14 – –  10�7  10�6 –

t ! gc 5⇥ 10�12  10�4  10�8  10�7  10�6  10�10

t ! �u 4⇥ 10�16 – –  10�8  10�9 –

t ! �c 5⇥ 10�14  10�7  10�9  10�8  10�9  10�9

t ! hu 2⇥ 10�17 6⇥ 10�6 –  10�5  10�9 –

t ! hc 3⇥ 10�15 2⇥ 10�3  10�5  10�5  10�9  10�4

1.5.2.1 SM top FCNCs

SM contributions to top FCNCs are necessarily small, suppressed by both the GIM mechanism and by the
large total width of the top quark due to the dominant mode t ! bW [127, 128]. This essentially guarantees
that any measurable branching ratio for top FCNC decays is an indication of new physics. The values
in Table 1-7 are from the updated numerical evaluation in reference [119]. Note that the results are very
sensitive to the value of m

b

, since they scale as m
b

(m
t

)4. The di↵erence between decays involving u quark
and c quarks arises from the relative factor |V

ub

/V
cb

|2.

1.5.2.2 BSM top FCNCs

Many models for new physics predict new contributions to top FCNCs that are orders of magnitude in excess
of SM expectations. Extended electroweak symmetry breaking sectors with two Higgs doublets (2HDM) lead
to potentially measurable FCNCs. Parametric expectations are particularly large for 2HDM with tree-level
flavor violation, for which flavor-violating couplings between Standard Model fermions and the heavy scalar
Higgs H or pseudoscalar A are typically assumed to scale with quark masses, as

p
m

q

m
t

/m2
W

, in order to
remain consistent with limits on light quark FCNCs. The estimates in Table 1-7 are taken from references
[129, 120]. The flavor-violating decays arise at one loop due to the exchange of H,A, and the charged Higgs
scalar H±, with the rate that depends on both the tree-level flavor-violating couplings between fermions and
the heavy Higgs bosons and the masses of the heavy Higgs bosons themselves.

Even when tree-level flavor conservation is guaranteed in the 2HDM by discrete symmetries, the model
predicts measurable top FCNCs due to loop processes that involve the additional charged Higgs bosons. In
this case the rate for flavor-violating processes depends on the mass of the charged Higgs and the angle tan�
parameterizing the distribution of vacuum expectation values between the two Higgs doublets. In the Type-I
2HDM, the branching ratios are typically small; the most promising candidate is t ! gc ⇠ 10�8, with rates
for t ! hq several orders of magnitude smaller. In the Type-II 2HDM, the leading contribution to t ! hq is
enhanced by O(tan4 �) and may be considerable at large tan�. The most optimistic cases are presented in
Table 1-7, taken from [121] for Type I and Type II 2HDM. However, given that Higgs coupling measurements

Community Planning Study: Snowmass 2013

RARE DECAYS

Use large sample of tops to search for flavour 
violating decays:

Decays essentially forbidden in SM, discovery would 
be definite sign of new physics. 

Aguilar-Savedra, hep-ph/0409342.  
Snowmass Top Quark Report, arXiv:1311.2028. 
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RARE DECAYS20 Top quark working group report

Table 1-7. SM and new physics model predictions for branching ratios of top FCNC decays. The SM
predictions are taken from [119], on 2HDM with flavor violating Yukawa couplings [119, 120] (2HDM (FV)
column), the 2HDM flavor conserving (FC) case from [121], the MSSM with 1TeV squarks and gluinos
from [122], the MSSM for the R-parity violating case from [123, 124], and warped extra dimensions (RS)
from [125, 126] .

Process SM 2HDM(FV) 2HDM(FC) MSSM RPV RS

t ! Zu 7⇥ 10�17 – –  10�7  10�6 –

t ! Zc 1⇥ 10�14  10�6  10�10  10�7  10�6  10�5

t ! gu 4⇥ 10�14 – –  10�7  10�6 –

t ! gc 5⇥ 10�12  10�4  10�8  10�7  10�6  10�10

t ! �u 4⇥ 10�16 – –  10�8  10�9 –

t ! �c 5⇥ 10�14  10�7  10�9  10�8  10�9  10�9

t ! hu 2⇥ 10�17 6⇥ 10�6 –  10�5  10�9 –

t ! hc 3⇥ 10�15 2⇥ 10�3  10�5  10�5  10�9  10�4

1.5.2.1 SM top FCNCs

SM contributions to top FCNCs are necessarily small, suppressed by both the GIM mechanism and by the
large total width of the top quark due to the dominant mode t ! bW [127, 128]. This essentially guarantees
that any measurable branching ratio for top FCNC decays is an indication of new physics. The values
in Table 1-7 are from the updated numerical evaluation in reference [119]. Note that the results are very
sensitive to the value of m

b

, since they scale as m
b

(m
t

)4. The di↵erence between decays involving u quark
and c quarks arises from the relative factor |V

ub

/V
cb

|2.

1.5.2.2 BSM top FCNCs

Many models for new physics predict new contributions to top FCNCs that are orders of magnitude in excess
of SM expectations. Extended electroweak symmetry breaking sectors with two Higgs doublets (2HDM) lead
to potentially measurable FCNCs. Parametric expectations are particularly large for 2HDM with tree-level
flavor violation, for which flavor-violating couplings between Standard Model fermions and the heavy scalar
Higgs H or pseudoscalar A are typically assumed to scale with quark masses, as

p
m

q

m
t

/m2
W

, in order to
remain consistent with limits on light quark FCNCs. The estimates in Table 1-7 are taken from references
[129, 120]. The flavor-violating decays arise at one loop due to the exchange of H,A, and the charged Higgs
scalar H±, with the rate that depends on both the tree-level flavor-violating couplings between fermions and
the heavy Higgs bosons and the masses of the heavy Higgs bosons themselves.

Even when tree-level flavor conservation is guaranteed in the 2HDM by discrete symmetries, the model
predicts measurable top FCNCs due to loop processes that involve the additional charged Higgs bosons. In
this case the rate for flavor-violating processes depends on the mass of the charged Higgs and the angle tan�
parameterizing the distribution of vacuum expectation values between the two Higgs doublets. In the Type-I
2HDM, the branching ratios are typically small; the most promising candidate is t ! gc ⇠ 10�8, with rates
for t ! hq several orders of magnitude smaller. In the Type-II 2HDM, the leading contribution to t ! hq is
enhanced by O(tan4 �) and may be considerable at large tan�. The most optimistic cases are presented in
Table 1-7, taken from [121] for Type I and Type II 2HDM. However, given that Higgs coupling measurements

Community Planning Study: Snowmass 2013

Use large sample of tops to search for flavour 
violating decays:

Many models of new physics can accommodate  
much larger rates.

Snowmass Top Quark Report, arXiv:1311.2028, and references therein.
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CKM ELEMENTS

Also charged current rare decays,                               . 
Can also be probed in single top processes.         

t ! Wq (q 6= b)
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Fig. 152: Left: production rates for b jets (solid), and for jets containing a bb̄ pair within �R < 0.4
(dashes). Right: same, for top-quark jets (top treated as stable).
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Fig. 153: Cross sections for top processes as a function of proton-proton collider energy. See text for
details.

12.4 Single top production
Like tt̄ pairs, production of single top at 100 TeV is also increased by large factors with respect to LHC.
However, since single top production is dominated by quark initiated t�channel production, the total
t + t̄ production cross section grows by about a factor 25 with respect to the LHC13, compared to the
growth of about 40 for the tt̄ cross-section (and of about 15 for its other major background, W+jets).

Fig. 153 shows the total production cross section for various channels as a function of the centre of
mass energy. tt̄ and single top results are computed at NLO QCD, while associated tZ and tH production
are computed at LO QCD53. For (N)LO predictions (N)LO evolution of ↵s and parton distributions were
employed. For all the results in this section we used the NNPDF3.0 parton set [17]. Apart from associated
Wt production, all results here are fully inclusive and are computed with µr = µf = mt = 172.5 GeV.
For Wt production, a b�jet veto of pb,t = 80 GeV is applied on additional b�jet radiation coming from
gg ! Wtb diagrams to separate this process from the tt̄ background, see [414] for details. As suggested
in [414], we used in this case a lower scale, µ = pb,t,veto = 80 GeV. Results for 13 TeV and 100 TeV are
also summarized in Tab. 5154.

53Predictions are obtained using HatHor [413] and MCFM [245–247].
54For the numbers in the table we computed t�channel production to NNLO QCD [415]. The difference with respect of

NLO is however irrelevant for the considerations here.

163



DANIEL STOLARSKI     January 19, 2017      FCC Physics7

HIGH ENERGY TOP QUARKS

If top quark is very boosted, decay products are very 
collimated.  

Granular calorimeter eventually loses ability to find 
sub-jets.
Bressler, Flacke, Kats, Lee, Perez, arXiv:1506.0265. 
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HIGH ENERGY TOP QUARKS

HPTTopTagger using 
tracking information can 
work at very high boost. 

Motivates very granular 
tracker.  

Further detector studies 
needed.

Schatzel, Spannowski, arXiv:1308.0540. 
Larkoski, Maltoni, Selvaggi, arXiv:1503.03347. 
See also talk by Pagani.

6

reconstructed. To prove this claim, we show in Figure 4b the top quark finding e�ciency for the HEPTopTagger at
the particle level. When the constituents of the C/A R = 0.8 jets are stable particles, the HEPTopTagger e�ciency
is stable at 53%. If we granularize the particles into (⌘,�) cells of size 0.1⇥ 0.1, the e�ciency starts to drop at a top
quark pT of 1.2 TeV.
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FIG. 4: E�ciencies for tagging top quarks using a) calorimeter cells and b) stable particles.
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FIG. 5: E�ciencies for tagging C/A R = 0.8 calorimeter fat jets.

The e�ciency of the HEPTopTagger0 for finding top quarks using calorimeter cells is less than 4% for pT > 800 GeV
(Figure 4a). From this we conclude that with the present available ATLAS jet calibrations and uncertainties it is not
possible to find top quarks at high pT . To obtain calibrations and uncertainties also for jets with R < 0.2 we suggest
the use of the reconstructed top mass peak in tt̄ events. The position of the peak can be used for calibration and
the di↵erence between simulation and data can serve to estimate the simulation uncertainty. We note that at higher
top quark pT the fraction of subjets with small R will be higher. This e↵ect can be studied by binning the mass
distribution in pT of the top candidate.

The e�ciency for tagging fat jets constructed from calorimeter cells is shown in Figure 5 as a function of the fat
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TOP RESONANCES

Use top tagging techniques 
to look for resonances.  

High mass tt resonances 
predicted in many BSM 
models (RS/composite 
Higgs for example).  

Fig. 84: Projected 5� discovery sensitivity for (left) Z 0
B

and (right) coloron dijet resonances, where the current
exclusion bounds are shaded gray.

dijet masses were reconstructed using the anti-kT algorithm [125] with a distance parameter of 0.5. The
studies of the sensitivity were performed in a fully boosted regime, i.e. by looking at the invariant mass
of two jets arising from the t¯t system. This approach is challenging due to large collimation of decay
products from top quarks, and large background expected from the SM jets. It should also be noted
that even leptonic top-quark decays is a challenge at such transverse momentum, since leptons from W
decays are often within the vicinity of boosted b-quark jets.

The analysis used several popular discriminating variables that reduce SM backgrounds, such as
N -subjettiness characteristics [274,614], the jet kT splitting scales [615], jet eccentricity [616], the effec-
tive radius of jets and jet masses. In addition, b-tagging was used assuming a 70% b-tagging efficiency.

Figure 85 shows the dijet masses after double b-tagging and jet shape cuts optimized to increase
the signal-over-background ratios. This figure was used to estimate sensitivity, which is equivalent to
“2� evidence” value of � ⇥ BR for the signal calculated using the CLb method as implemented in the
MCLIMIT program [617]. Figure 86 shows the sensitivity limits for Z

0 and gKK particles simulated
using the PYTHIA8 model [122]. It should be noted that PYTHIA8 generates the boosted t¯t topology
similarly, but the decay widths and the production rates of Z 0 and gKK are different. The width of the
Z 0 boson was set to �/M = 3%, while the width of gKK is substantially larger, �/M = 16%. The gKK

production rate is more than a factor of ten larger than that of Z 0 boson.
The discriminating variables based on jet substructure and b-tagging can increase the signal-over

background ratio by several orders of magnitude, as shown in Table 7. This increases the sensitivity on
the � ⇥ BR of Z 0 and gKK bosons by more than a factor of ten. A requirement for a high-momentum
muon inside boosted jets can improve the signal-over-background ratio as shown in Table 7, but it sig-
nificantly reduces statistics, thus it does not lead to a competitive limit compared to the selection based
on a combination of b-tagging and jet substructure variables. Figure 87 illustrates the rejection factor for
QCD background events as a function of the efficiency of top-quark reconstruction [610]. Identifying
top quarks with a cut on a high-momentum muon near or inside a jet is less performant compared to jet
substructure techniques once branching ratios are taken into account. Even simple jet substructure tech-
niques, such as a cut on ⌧

32

(the ratio of the N -subjettiness variables ⌧
3

/⌧
2

[274, 614]) and the splitting
scale

p
d
12

[615], can overperform the leptonic channel in terms of the background rejection and signal
efficiency.

It should be pointed out that the 95% CL sensitivity estimates for a 100 TeV collider with the
integrated luminosity of 10 ab

�1 are rather general, as long as the widths of the t¯t resonances are similar
to those discussed in this analysis. Table 8 shows the values of � ⇥ BR for theory and experimental
sensitivity as a function of resonance masses used in Fig. 86 for different values of integrated luminosity.

119

1606.00947. 
See also talk by Vignaroli.
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STRANGE FEATURES

Can also have dips and 
other strange features 
in spectrum. 

Further study 
necessary.

Jung, Song, Yoon, arXiv:1505.00291.
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CHROMO-MOMENTS

Top can have chromo-electric or chromo-magnetic 
dipole moment. 

Generic if new coloured fields that talk to top exist.

gs
mt

t̄�µ⌫(dV + idA�5)
�a

2
tGa

µ⌫

g

t t



DANIEL STOLARSKI     January 19, 2017      FCC Physics12

CHROMO-MOMENTS

Use boosted top quarks 
to look for these effects. 

High invariant mass 
gives better sensitivity. 

Sensitive to EFT  
scale ~ 50 TeV.
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Fig. 168: (Left) Sensitivity of the
p

s = 14 TeV LHC, and the
p

s = 100 TeV FCC to the chromomag-
netic and chromoelectric dipole moments dV and dA from tt̄ production. Three different definitions for
the boosted regime at the FCC are shown. (Right) A comparison of constraints on dV and dA from past,
present, and future hadron colliders. For more details, see Ref. [347]

produced in 100 TeV collisions. We postpone to the Higgs volume of this Report the more detailed
discussion of top production with a Higgs boson and the determination of the top Yukawa coupling.
Studies of the couplings of the top quark to the electroweak gauge bosons are complementary to studies
of the top-Higgs interactions. The couplings of the neutral gauge bosons Z and � to the top quark are
fixed by the SM quantum numbers and gauge symmetries. Weak and electromagnetic dipole moments of
the top quark arise effectively through loop corrections but are very small [464–466] in the SM. Possible
anomalous contributions from physics beyond the SM can modify any of these couplings and are best
studied in associated production with a top pair or single top. The sensitivity of tt̄Z and tt̄� at the LHC to
the top-electroweak couplings was first explored at LO in Ref. [467,468], and more recently tt̄Z studies
at NLO QCD have been presented in Refs. [469–471], and for tt̄� with photon from the production
process in Ref. [471]. The transverse momentum of the vector boson, and, in the case of tt̄Z production,
the azimuthal angle between the leptons arising from the decay of the Z boson, are particularly sensitive
to the top-electroweak couplings. These couplings may also be probed through the charge asymmetry in
tt̄� production, which appears at LO due to the qq̄ initial state [448]. Similar to tt̄H production, the cross
section for tt̄Z production increases by a factor of about 50 at the FCC as compared to the

p
s = 13 TeV

LHC. Using the coupling parametrization

Ltt̄Z = e ̄t


�µ

�
C1,V + �5C1,A

�
+

i�µ⌫q⌫

MZ

�
C2,V + i�5C2,A

��
 tZµ, (83)

possible constraints on the couplings C1/2,V/A at the
p

s = 13 TeV LHC with 3 ab�1 of data has
been presented in Refs. [469, 470] and are shown in Fig. 169 and Table 57 together with constraints
achievable at the 100 TeV FCC with 10 ab�1. These analyses take account of the theoretical uncertainty,
currently at 15% but projected to decrease to 5% by the time the FCC is operational. Driven by the
larger statistics and reduction of the theoretical uncertainties, the sensitivity of the FCC to the top-Z
couplings is anticipated to exceed that of the LHC by factors of 3-10. Moreover, the construction of
cross section ratios to cancel various uncertainties has been proposed in Ref. [472] and can further boost
sensitivity by factors of 2-4.

The process tt̄ + W is peculiar in this context as it does not yield an enhanced sensitivity to the
Wtb coupling. The reason is the simple fact that the W boson can only be radiated off the qq̄ initial state.
This also prohibits a gg-initiated process and, therefore, the production cross section is small with 587 fb
at the 13 TeV LHC and 19 pb at the FCC [421], before branching of the top quarks and the W boson.
Nevertheless, the authors of Ref. [421] pointed out that these particular features allow for the study of

182

1607.01831
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TOP QUARK PDF

Dawson, Ismael, Low, arXiv:1405.6211. 
Han, Sayre, Westhoff, arXiv:1411.2588.

100 TeV � mt
Is there top content in 
the proton at 100 TeV? 

Useful in producing 
resonances that  
couples to Higgs. 

Formally resumming logs.
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TOP QUARK PDF

Pomarol, Serra, arXiv:0806.3247. 
Zhou, Whiteson, Tait, arXiv:1203.5862. 
Wulzer talk from yesterday.

100 TeV � mt
Is there top content in 
the proton at 100 TeV? 

Can also use to probe top 
compositeness. 

(a) (b) (c)

Figure 3: Representative tree-level graphs relevant to the inclusive production of a heavy
color-singlet neutral particle (dashed line). (a) The 5-flavor LO process from gg fusion; (b)
The 6-flavor process involving only one initial top (solid line) in tg fusion; (c) The 6-flavor
process initiated by tt̄ fusion.

3 Factorization schemes and top-mass effects

The validity of factorization and the use of top-quark PDFs strongly depend on the different
energy scales involved in the process.

• At energy scales below and around the top mass, mH ! mt, it is appropriate to work
with five active quark flavors and not consider the top-quark as a constituent of the
proton. The production of a heavy particle H in association with top-quarks is then
reliably described at LO by the partonic process gg → tt̄H with massive top-quarks,
as depicted in Figure 3(a). We will refer to this case as the 5-flavor scheme. This is
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FLAVOUR ANOMALY
2

FIG. 1. Average of R(D(⇤)) measurements, displayed as red
filled ellipses (68% CL and 95% CL). The SM prediction is
shown as a black ellipse (95% CL), and the individual mea-
surements as continuous contours (68% CL): Belle (blue el-
lipse and horizontal bands), BaBar (green ellipse), and LHCb
(horizontal orange band).

in Sec. III. In Sec. IV we discuss the phenomenological
implications of current data, before concluding in Sec. V.
Hadronic input parameters and the statistical treatment
are discussed in Appendix A. Details on the b ! c⌧⌫
observables entering our analysis, like the q2 distributions
for B ! D(⇤)⌧⌫ decays, are collected in Appendix B.
Details of the fit are provided in Appendix C.

II. FRAMEWORK

The study of NP contributions to charged-current
semileptonic processes can in principle be carried out in
a model-independent manner. We discuss here the sub-
set of operators induced e.g. by charged scalars which
naturally lead to observable e↵ects in b ! c(u)⌧⌫ tran-
sitions, while b ! c(u)`⌫ remain una↵ected. Note that
in general this is not true for contributions from left- or
right-handed vector currents. Specifically, right-handed
vector currents are explicitly lepton-flavour-universal in
all models with SM particle content and gauge symmetry
at the EW scale, if the EW symmetry is linearly realized,
up to contributions of order v4/⇤4, where v denotes the
EW vacuum expectation value and ⇤ the scale of addi-
tional NP particles [15, 28, 29]. While this universality
can be broken if the EW symmetry is non-linearly real-
ized [28], right-handed vector-current contributions are
generally strongly constrained by semileptonic B decays
into light lepton modes. When comparing with NP sce-
narios with vector couplings, we therefore assume van-

ishing right-handed couplings.
The low-energy e↵ective Lagrangian describing scalar-

mediated charged-current semileptonic transitions is
given by

Le↵ = �4GFVquqdp
2

h
q̄u(g

quqd`
L PL + gquqd`R PR)qd

i
[¯̀PL⌫`],

(3)
where we neglect neutrino-mass-related terms with right-
handed neutrinos, V represents the Cabibbo-Kobayashi-
Maskawa (CKM) matrix [30], and PL,R = (1 ⌥ �5)/2
are the usual chiral projectors. The Wilson coe�cients
gquqd`L,R are complex parameters which encode details of the
theory at high energies. Note that the explicit appear-
ance of the CKM matrix does not imply any assumption
about the flavour structure of the underlying theory at
this stage, but is merely a choice of normalization of the
Wilson coe�cients. They are in full generality indepen-
dent for every possible flavour combination qu = (u, c, t),
qd = (d, s, b), ` = (e, µ, ⌧), yielding 54 couplings. How-
ever, Eq. (3) e↵ectively already assumes a colour-neutral
scalar exchange, since generally a coloured scalar like a
leptoquark would induce tensor couplings as well [31].
Therefore, without (further) loss of generality, we can
assume the couplings to obey

gquqd`L,R = gquqdL,R g`L , (4)

thereby reducing the number of independent parameters
to 21: two general matrices in quark-flavour space gquqdL,R

and three couplings g`L. Since we assume that the NP
e↵ects are negligible for the light lepton modes, we set
ge,µL = 0. Considering b ! c(u) transitions restricts the

quark-sector parameters in our analysis to g
c(u)b
L,R , i.e. 4

complex couplings. This e↵ective Lagrangian allows for
a model-independent discussion of scalar contributions in
b ! c(u)⌧⌫ transitions, which comprises the objective of
our analysis. This general scenario will be dubbed S1 in
the following. A particular realization of this framework
is provided by the type-III 2HDM, see e.g. Refs. [13, 18,
32, 33] for recent discussions.1

If we want to relate processes involving di↵erent flavour
transitions, we need to make assumptions about the
flavour structure of the underlying theory. In order to
study the potential complementarity between b ! c and
b ! u probes of scalar contributions, we will consider as
a benchmark the universality relations

gcbL
gubL

=
mc

mu
,

gcbR
gubR

= 1 , (5)

which are realized e.g. in 2HDMs with natural flavour
conservation (NFC) [35, 36], but also e.g. in the aligned

1 Note that the interpretation of the R(D(⇤)) anomalies in terms
of a 2HDM is severely constrained by the LHC searches for ad-
ditional scalars in the ⌧+⌧� channel [18, 34].

R(D(⇤)) =
BR(B ! D(⇤)⌧⌫)

BR(B ! D(⇤)`⌫)

Celis, Jung, Li, Pich, arXiv:1612.07757

Anomaly in lepton flavour 
universality seen in 3 expts. 

More work to do to confirm. 

If its from new physics, 
should couple to top quarks. 
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m
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⌫
W 0

⌧

Left-handed charged current coupling dominantly to 
third generation can potential explain anomaly. 

Gives new contribution to                , but its very small 
O(10-3) contribution to the rate.

t ! b⌧⌫

Greljo, Isidori, Marzocca, arXiv:1506.01705.
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                     , can integrate it out.  

NP decay has very different kinematics.

2-body 3-body

mW 0 > mt
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Very precise measurement of b-quark energy 
spectrum can be sensitive to this effect. 

Do not have measure tau energies.

2-body 3-body

Work in progress with J. Kamenik and A. Katz.
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further
characterize

the
‘background’ inM

1
E

W

by
isolating

those
contributions

w
hich

are
generated

by

hV
V
(w
here

V
V
=
Z
Z
,Z

�, ��)
e↵ective

couplings
of the

form
show

n
in

F
ig. 1

to
w
rite,

M
1
E

W

=
M̄

1
E

W

+M
V

V

E

W

,

(5)

w
here

w
e
have

defined,

M
V

V

E

W

=
M

Z

Z

E

W

+M
Z

�

E

W

+M
�

�

E

W

.

(6)

T
hese

contributions
all

have
the

form
of

F
ig.

1
and

w
ill

be
exam

ined
m
ore

closely
below

.

T
here

are
m
any

contributions
to M̄

1
E

W

,
all

of
w
hich

are
com

putable
and

can
in

principle
be

extracted

from
[82,

83].
Som

e
of

these
one

loop
contributions

can

be
absorbed

into
shifts

of the
tree

level couplings. O
thers

can
be

m
odeled

using
e↵ective

operators. T
here

are
also

real photon
em

ission
e↵ects

in
h!

4`
[82–84] w

hich
can

be
non-negligible

in
certain

regions
of

phase
space,

but

w
hich

can
also

be
included

[85]. T
he

key
point

how
ever

is

that
these

corrections
do

not
depend

on
the

top
Y
ukaw

a,

allow
ing

us
to
treat

them
as

fixed
w
hen

fitting
for

the
top

Y
ukaw

a. Furtherm
ore, since

at
one

loop
these

corrections

do
not

contribute
to

the
Z
�
or

��
e↵ective

couplings
to

w
hich

w
e
are

m
ost

sensitive
in
h!

4`
[66, 68], and

since

they
are

sub-dom
inant

over
m
ost

of the
phase

space
[85],

w
e
w
ill neglect

them
in
this

prelim
inary

study. H
ow

ever,

a
detailed

investigation
of
their

e↵ects
is
w
orthw

hile
and

w
ill

be
done

in
future

w
ork.

T
hus

in
the

end,
for

the

present
study

w
e
define

the
H
iggs

part
of

our
‘back-

ground’
(in

contrast
to

non-H
iggs

background
to

be
dis-

cussed)
as,

M
h

B

G

=
M

0
S

M

+M
V

V

E

W

.

(7)

T
his

part
of the

h!
4`

am
plitude

w
ill be

treated
as
fixed

during
the

param
eter

extraction
procedure.

A
s
m
entioned,

our
‘signal’

is
then

the
top

quark
loop

in
the

Z
�
and

��
e↵ective

couplings
w
hich

w
e
callM

Z

�

t

sh
ap
es

at
on
e
loop

an
d
sin

ce
w
e
are

n
ot

u
sin

g
th
e
overall

rate
in

ou
r
likelih

ood
an
alysis,

w
e
can

ign
ore

it.

W
t

b

`

⌫ t

b

⌫

⌧

Helped by large rate at FCC.  

General probe of structure of third generation. 

2-body 3-body

Work in progress with J. Kamenik and A. Katz.
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