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The focus of our paper
HL-LHC. 


I will briefly comment on e+e-



We are here. 

Still about 10 times amount of data to come.


Most immediate question:

How to fully realize the potential of the LHC?

Motivation



Rare processes

Unlikely, but seeing one can teach us a lot.
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> 108 Higgses 
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106  Higgses


1012 Zs


106  WW


105 ttbar

Main physics output:

Statistics = sensitivity to rare phenomena

Top also a main output for e+e-
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An EFT for top decays

Φ : Higgs doublet

S : scalar
N : Dirac fermion

Z′￼, F′￼: U(1)′￼ gauge boson
Light BSM singlets

QL : 3rd gen doublet



An EFT for top decays

Φ : Higgs doublet

These are generated by some unspecified  heavy new physics with MNP.

Stoped at dim-6 operators, with MNP = 1 TeV, lead to interesting rates at HL-LHC

For dim-7 operators, MNP  would be too light, covered by direct searches.
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Figure 1: Branching ratios (lower axis) and expected number of events at HL-LHC (up-
per axis) for the various top-quark decay channels induced by operators listed
on the left-hand side. The results for SM final states are shown in green colors
at the upper side of the plot; the results for BSM final states, in red colors
at the bottom. The numerical results have been derived setting ⇤NP = 1 TeV
and all Wilson coefficients equal to one. Moreover, all masses of BSM parti-
cles have been set to 10 GeV. The black dotted lines indicate existing collider
constraints.
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Figure 1: Branching ratios (lower axis) and expected number of events at HL-LHC (up-
per axis) for the various top-quark decay channels induced by operators listed
on the left-hand side. The results for SM final states are shown in green colors
at the upper side of the plot; the results for BSM final states, in red colors
at the bottom. The numerical results have been derived setting ⇤NP = 1 TeV
and all Wilson coefficients equal to one. Moreover, all masses of BSM parti-
cles have been set to 10 GeV. The black dotted lines indicate existing collider
constraints.
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Figure 1: Branching ratios (lower axis) and expected number of events at HL-LHC (up-
per axis) for the various top-quark decay channels induced by operators listed
on the left-hand side. The results for SM final states are shown in green colors
at the upper side of the plot; the results for BSM final states, in red colors
at the bottom. The numerical results have been derived setting ⇤NP = 1 TeV
and all Wilson coefficients equal to one. Moreover, all masses of BSM parti-
cles have been set to 10 GeV. The black dotted lines indicate existing collider
constraints.
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MNP = 1 TeV,    current constraint  

SM final state
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Figure 1: Branching ratios (lower axis) and expected number of events at HL-LHC (up-
per axis) for the various top-quark decay channels induced by operators listed
on the left-hand side. The results for SM final states are shown in green colors
at the upper side of the plot; the results for BSM final states, in red colors
at the bottom. The numerical results have been derived setting ⇤NP = 1 TeV
and all Wilson coefficients equal to one. Moreover, all masses of BSM parti-
cles have been set to 10 GeV. The black dotted lines indicate existing collider
constraints.
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BSM decays.
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Figure 2: Decay widths for top-quark decays including BSM final states as a function of
the mass of the BSM particle. The results are shown setting ⇤NP = 1 TeV and
all Wilson coefficients equal to one.

We also want to stress here again that the provided numbers are only a rough indi-
cation of the potential size of these decay modes. The results are derived for a fixed
UV scale ⇤NP (but can easily be rescaled). This scale (and also the Wilson coefficients)
could very well be lower or higher.

We study the mass dependence of the top quark decays into one or two BSM particles
in Fig. 2. The two-body decay widths are shown in the upper left panel. As expected,
the decay widths shrink if the mass of the BSM particle in the final state is raised (by
up to an order of magnitude in the considered mass window). The dependence on the
BSM mass is stronger for higher masses, where the phase space is rapidly shrinking.

The same behaviour is visible for the three-body final states with one BSM particle
in the final state (see upper right and lower left panels of Fig. 2). For final states with
two BSM particles the drop of decay widths is even more rapid (see lower right panel of
Fig. 2).

As mentioned above, an additional possibility for rare top-quark decays can be in-
troduced by adding an additional scalar doublet to the SM Higgs sector. Such a Two-
Higgs-Doublet model can lead to top-quark decays into a bottom quark as well as a
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Table 1: Overview of operators inducing top-quark decays into SM particles (left) and
BSM particles (right). QL is a Dirac spinor containing the left-handed quark
doublet. The right-handed quarks are denoted by uR and dR, respectively. LL

and eR are the left- and right-handed lepton doublets/singlets, respectively. i,
j, k, and l are the quark and lepton generation indices. Other indices are sup-
pressed. The Higgs doublet is called �. D denotes the SM covariant derivative,
and /D ⌘ �

µ
Dµ. The SM vector-boson field strengths are called G, W , and B.

The BSM singlets are called S (scalar) and N (Dirac fermion). The Z
0 field

strength is denoted by F
0. The superscript “c” denotes charge conjugation.

in the framework of Two-Higgs doublet models).
We will concern ourselves with solely the lowest-dimensional operators up to dimension

6, which will suffice for us to find top quark decay channels involving either solely SM
states or additionally any of our new light singlets. We list these operators in Table 1,
separating out those which involve solely SM particles and those which include a new
light state. With only the SM, new operators through which the top quark might decay
begin in SMEFT at dimension six. These operators can be divided into different cate-
gories: four-fermion operators, Yukawa-like operators, current interactions, and dipole
operators. Our aim is to study a representative sample, rather than a comprehensive
one, so we choose operators exhibiting an array of final state signatures. But there are
many choices for possible tensor structures in the four-fermion operators especially, as
well as another possibility for the Higgs-quark current-current interaction O

6
�D�qq (see

e.g. Ref. [48]). We leave a detailed study comparing these possibilities to future work
and here content ourselves to study examples of the possible final states.

In the case where we add a BSM singlet scalar S, we can write down new operators

4
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Figure 1: Branching ratios (lower axis) and expected number of events at HL-LHC (up-
per axis) for the various top-quark decay channels induced by operators listed
on the left-hand side. The results for SM final states are shown in green colors
at the upper side of the plot; the results for BSM final states, in red colors
at the bottom. The numerical results have been derived setting ⇤NP = 1 TeV
and all Wilson coefficients equal to one. Moreover, all masses of BSM parti-
cles have been set to 10 GeV. The black dotted lines indicate existing collider
constraints.
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Figure 1: Branching ratios (lower axis) and expected number of events at HL-LHC (up-
per axis) for the various top-quark decay channels induced by operators listed
on the left-hand side. The results for SM final states are shown in green colors
at the upper side of the plot; the results for BSM final states, in red colors
at the bottom. The numerical results have been derived setting ⇤NP = 1 TeV
and all Wilson coefficients equal to one. Moreover, all masses of BSM parti-
cles have been set to 10 GeV. The black dotted lines indicate existing collider
constraints.
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Signal depends on how the BSM states decays
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per axis) for the various top-quark decay channels induced by operators listed
on the left-hand side. The results for SM final states are shown in green colors
at the upper side of the plot; the results for BSM final states, in red colors
at the bottom. The numerical results have been derived setting ⇤NP = 1 TeV
and all Wilson coefficients equal to one. Moreover, all masses of BSM parti-
cles have been set to 10 GeV. The black dotted lines indicate existing collider
constraints.
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on the left-hand side. The results for SM final states are shown in green colors
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at the bottom. The numerical results have been derived setting ⇤NP = 1 TeV
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Possibility 1: NP stableSM dim 6
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Table 1: Overview of operators inducing top-quark decays into SM particles (left) and
BSM particles (right). QL is a Dirac spinor containing the left-handed quark
doublet. The right-handed quarks are denoted by uR and dR, respectively. LL

and eR are the left- and right-handed lepton doublets/singlets, respectively. i,
j, k, and l are the quark and lepton generation indices. Other indices are sup-
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in the framework of Two-Higgs doublet models).
We will concern ourselves with solely the lowest-dimensional operators up to dimension

6, which will suffice for us to find top quark decay channels involving either solely SM
states or additionally any of our new light singlets. We list these operators in Table 1,
separating out those which involve solely SM particles and those which include a new
light state. With only the SM, new operators through which the top quark might decay
begin in SMEFT at dimension six. These operators can be divided into different cate-
gories: four-fermion operators, Yukawa-like operators, current interactions, and dipole
operators. Our aim is to study a representative sample, rather than a comprehensive
one, so we choose operators exhibiting an array of final state signatures. But there are
many choices for possible tensor structures in the four-fermion operators especially, as
well as another possibility for the Higgs-quark current-current interaction O

6
�D�qq (see

e.g. Ref. [48]). We leave a detailed study comparing these possibilities to future work
and here content ourselves to study examples of the possible final states.

In the case where we add a BSM singlet scalar S, we can write down new operators
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If the top decay is through operators:

For example: 

It is consistent for the NP to have a Z2 symmetry, hence stable. 

Leads to missing energy.
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Figure 1: Branching ratios (lower axis) and expected number of events at HL-LHC (up-
per axis) for the various top-quark decay channels induced by operators listed
on the left-hand side. The results for SM final states are shown in green colors
at the upper side of the plot; the results for BSM final states, in red colors
at the bottom. The numerical results have been derived setting ⇤NP = 1 TeV
and all Wilson coefficients equal to one. Moreover, all masses of BSM parti-
cles have been set to 10 GeV. The black dotted lines indicate existing collider
constraints.
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NP (scalar singlet) decay

Figure 3: Feynman diagrams for tree-level decays of the scalar singlet S when the new
physics interaction involves the b-quarks directly (left panel) or when an off-
shell W appears in the intermediate diagram (middle panel). Analogous tree-
level decays can occur for Z

0. In the right panel, we show a five-body tree-level
decay of N through an off-shell W . The red vertex denotes the dimension five
or six operators responsible for the respective top-quark decay into a light
BSM particle.

While this is the most interesting possibility, we are not necessarily free to dictate
it, as there may be an upper bound on the lifetime of the new state we are consid-
ering induced by the top-quark decay operator through which it was produced. We
will calculate such upper bounds below. Additional decay channels can of course
always be opened by introducing additional operators with a small enough Wilson
coefficient (or a large enough scale suppression).
Although detector sizes are typically . 10 m, for larger lifetimes the rate of de-
cay in the detector falls only linearly in c⌧ and it is proportional to the volume
of the detector component which is sensitive to the signal, allowing ample detec-
tion prospects on the tail of the decay distribution. The search for LLPs in rare
top-quark decays has a distinct advantage in comparison to some of the other pro-
duction mechanisms. For example, a well-studied benchmark is the production of
LLPs from rare Higgs-boson decay through the Higgs portal coupling. Typically,
additional hard radiation is needed to trigger on this kind of signal. However, in
the case of rare top-quark decay, the SM decay of the other top in the same event
provides a natural trigger without further suppressing the signal rate. Eventually,
these modes become too rare, and the signature in our colliders is simply missing
transverse energy mimicking the situation in which they are stable. This limits the
information one may uncover about the new states even if such exotic top decays
are observed.

We proceed with a calculation of the lower bounds on the decay width of the BSM par-
ticles originating from diagrams involving the top-quark decay operators. We consider
three different possibilities:

• The decay is induced at the tree level involving no off-shell particles. Such a decay
occurs for example for the O

5
SqDq operator, which allows for S ! bd or S ! bs as

the operator is constructed from the left-handed quark doublets (see left diagram
of Fig. 3).
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Figure 4: Feynman diagrams for loop-induced decays of the scalar singlet S (left panel),
the gauge boson Z

0 (middle panel), and the sterile neutrino N (right panel).
The red vertex denotes the dimension five or six operator responsible for the
respective top-quark decay into a light BSM particle.

• The decay is induced at the loop level with an internal W boson to exchange the
top with a lighter quark, as in Fig. 4.

• The decay is induced at the tree level involving an off-shell top-quark and a (poten-
tially off-shell) W boson, which further decays either hadronically or leptonically
(see middle and right diagrams of Fig. 3).

To calculate these decay rates, we employ MadGraph5_aMC@NLO for the tree-level decays
and the packages FeynArts [75, 76], FormCalc [77], and LoopTools [77] for the loop-
induced decays—having generated the necessary model file using FeynRules.

Note that the appearance of a W boson in the later two possibilities to exchange
the heavy top for the lighter bottom means that these decay widths can be sensitive
to the interplay of flavor with chirality in the operators. For example, for an operator
containing Q̄L1uR3, the right-handed top quark can be easily switched to left-handed by
its large Yukawa, such that a W boson can easily be coupled to the top quark resulting
in sizeable loop-induced decay rates. But in the opposite case Q̄L3uR1 it is very costly to
change the up-quark chirality, and the leading decay channel may become the four-body
tree-level decay with an off-shell W . These considerations made little difference for the
top-quark decay rates but can have a large impact on the phenomenology of the light
singlets.

The numerical results for the decay width of the scalar singlet S (and the corresponding
decay length) induced by operators coupling the top quark to first-generation quarks are
shown in the upper left panel of Fig. 5. The decay width of S strongly depends on the
nature of the operator inducing the decay(s) as well as on the mass of S.

Starting with the O
5
Sq1Dq3 operator, the S is decaying promptly for mS > mb and

long-lived for mS < mb. The contribution of the various decay channels is broken down
in the upper right panel of Fig. 5. The tree-level decay to bd dominates in the region of
mS > mB. For mS < mB, the decay width is orders of magnitude smaller and originates
from loop-induced decays where the top quark is traded for a first- or second-generation
quark via the W boson in the loop (receiving a suppression by the off-diagonal entries
of the CKM matrix). The off-shell four-body decay into three light and one b jet is only
relevant for high mS, for which at least the intermediary W boson can be on-shell.
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Table 1: Overview of operators inducing top-quark decays into SM particles (left) and
BSM particles (right). QL is a Dirac spinor containing the left-handed quark
doublet. The right-handed quarks are denoted by uR and dR, respectively. LL

and eR are the left- and right-handed lepton doublets/singlets, respectively. i,
j, k, and l are the quark and lepton generation indices. Other indices are sup-
pressed. The Higgs doublet is called �. D denotes the SM covariant derivative,
and /D ⌘ �

µ
Dµ. The SM vector-boson field strengths are called G, W , and B.

The BSM singlets are called S (scalar) and N (Dirac fermion). The Z
0 field

strength is denoted by F
0. The superscript “c” denotes charge conjugation.

in the framework of Two-Higgs doublet models).
We will concern ourselves with solely the lowest-dimensional operators up to dimension

6, which will suffice for us to find top quark decay channels involving either solely SM
states or additionally any of our new light singlets. We list these operators in Table 1,
separating out those which involve solely SM particles and those which include a new
light state. With only the SM, new operators through which the top quark might decay
begin in SMEFT at dimension six. These operators can be divided into different cate-
gories: four-fermion operators, Yukawa-like operators, current interactions, and dipole
operators. Our aim is to study a representative sample, rather than a comprehensive
one, so we choose operators exhibiting an array of final state signatures. But there are
many choices for possible tensor structures in the four-fermion operators especially, as
well as another possibility for the Higgs-quark current-current interaction O

6
�D�qq (see

e.g. Ref. [48]). We leave a detailed study comparing these possibilities to future work
and here content ourselves to study examples of the possible final states.

In the case where we add a BSM singlet scalar S, we can write down new operators
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BSM particles (right). QL is a Dirac spinor containing the left-handed quark
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and eR are the left- and right-handed lepton doublets/singlets, respectively. i,
j, k, and l are the quark and lepton generation indices. Other indices are sup-
pressed. The Higgs doublet is called �. D denotes the SM covariant derivative,
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µ
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in the framework of Two-Higgs doublet models).
We will concern ourselves with solely the lowest-dimensional operators up to dimension

6, which will suffice for us to find top quark decay channels involving either solely SM
states or additionally any of our new light singlets. We list these operators in Table 1,
separating out those which involve solely SM particles and those which include a new
light state. With only the SM, new operators through which the top quark might decay
begin in SMEFT at dimension six. These operators can be divided into different cate-
gories: four-fermion operators, Yukawa-like operators, current interactions, and dipole
operators. Our aim is to study a representative sample, rather than a comprehensive
one, so we choose operators exhibiting an array of final state signatures. But there are
many choices for possible tensor structures in the four-fermion operators especially, as
well as another possibility for the Higgs-quark current-current interaction O

6
�D�qq (see

e.g. Ref. [48]). We leave a detailed study comparing these possibilities to future work
and here content ourselves to study examples of the possible final states.

In the case where we add a BSM singlet scalar S, we can write down new operators

4

Minimal width

The operator mediate top decay also contribute to singlet decay 



Figure 3: Feynman diagrams for tree-level decays of the scalar singlet S when the new
physics interaction involves the b-quarks directly (left panel) or when an off-
shell W appears in the intermediate diagram (middle panel). Analogous tree-
level decays can occur for Z

0. In the right panel, we show a five-body tree-level
decay of N through an off-shell W . The red vertex denotes the dimension five
or six operators responsible for the respective top-quark decay into a light
BSM particle.

While this is the most interesting possibility, we are not necessarily free to dictate
it, as there may be an upper bound on the lifetime of the new state we are consid-
ering induced by the top-quark decay operator through which it was produced. We
will calculate such upper bounds below. Additional decay channels can of course
always be opened by introducing additional operators with a small enough Wilson
coefficient (or a large enough scale suppression).
Although detector sizes are typically . 10 m, for larger lifetimes the rate of de-
cay in the detector falls only linearly in c⌧ and it is proportional to the volume
of the detector component which is sensitive to the signal, allowing ample detec-
tion prospects on the tail of the decay distribution. The search for LLPs in rare
top-quark decays has a distinct advantage in comparison to some of the other pro-
duction mechanisms. For example, a well-studied benchmark is the production of
LLPs from rare Higgs-boson decay through the Higgs portal coupling. Typically,
additional hard radiation is needed to trigger on this kind of signal. However, in
the case of rare top-quark decay, the SM decay of the other top in the same event
provides a natural trigger without further suppressing the signal rate. Eventually,
these modes become too rare, and the signature in our colliders is simply missing
transverse energy mimicking the situation in which they are stable. This limits the
information one may uncover about the new states even if such exotic top decays
are observed.

We proceed with a calculation of the lower bounds on the decay width of the BSM par-
ticles originating from diagrams involving the top-quark decay operators. We consider
three different possibilities:

• The decay is induced at the tree level involving no off-shell particles. Such a decay
occurs for example for the O

5
SqDq operator, which allows for S ! bd or S ! bs as

the operator is constructed from the left-handed quark doublets (see left diagram
of Fig. 3).
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Figure 4: Feynman diagrams for loop-induced decays of the scalar singlet S (left panel),
the gauge boson Z

0 (middle panel), and the sterile neutrino N (right panel).
The red vertex denotes the dimension five or six operator responsible for the
respective top-quark decay into a light BSM particle.

• The decay is induced at the loop level with an internal W boson to exchange the
top with a lighter quark, as in Fig. 4.

• The decay is induced at the tree level involving an off-shell top-quark and a (poten-
tially off-shell) W boson, which further decays either hadronically or leptonically
(see middle and right diagrams of Fig. 3).

To calculate these decay rates, we employ MadGraph5_aMC@NLO for the tree-level decays
and the packages FeynArts [75, 76], FormCalc [77], and LoopTools [77] for the loop-
induced decays—having generated the necessary model file using FeynRules.

Note that the appearance of a W boson in the later two possibilities to exchange
the heavy top for the lighter bottom means that these decay widths can be sensitive
to the interplay of flavor with chirality in the operators. For example, for an operator
containing Q̄L1uR3, the right-handed top quark can be easily switched to left-handed by
its large Yukawa, such that a W boson can easily be coupled to the top quark resulting
in sizeable loop-induced decay rates. But in the opposite case Q̄L3uR1 it is very costly to
change the up-quark chirality, and the leading decay channel may become the four-body
tree-level decay with an off-shell W . These considerations made little difference for the
top-quark decay rates but can have a large impact on the phenomenology of the light
singlets.

The numerical results for the decay width of the scalar singlet S (and the corresponding
decay length) induced by operators coupling the top quark to first-generation quarks are
shown in the upper left panel of Fig. 5. The decay width of S strongly depends on the
nature of the operator inducing the decay(s) as well as on the mass of S.

Starting with the O
5
Sq1Dq3 operator, the S is decaying promptly for mS > mb and

long-lived for mS < mb. The contribution of the various decay channels is broken down
in the upper right panel of Fig. 5. The tree-level decay to bd dominates in the region of
mS > mB. For mS < mB, the decay width is orders of magnitude smaller and originates
from loop-induced decays where the top quark is traded for a first- or second-generation
quark via the W boson in the loop (receiving a suppression by the off-diagonal entries
of the CKM matrix). The off-shell four-body decay into three light and one b jet is only
relevant for high mS, for which at least the intermediary W boson can be on-shell.
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Figure 5: Upper left: Mass dependence of the decay width of the scalar singlet S for
operators coupling the top quark to first-generation quarks. Upper right: Mass
dependence of the various decay modes of the scalar singlet S induced by the
O

5
Sq1Dq3 operator. Bottom: Mass dependence of the decay width of the scalar

singlet S for operators coupling the top quark to second-generation quarks.
The results are shown setting ⇤NP = 1 TeV and all Wilson coefficients equal
to one.
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Table 1: Overview of operators inducing top-quark decays into SM particles (left) and
BSM particles (right). QL is a Dirac spinor containing the left-handed quark
doublet. The right-handed quarks are denoted by uR and dR, respectively. LL
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6, which will suffice for us to find top quark decay channels involving either solely SM
states or additionally any of our new light singlets. We list these operators in Table 1,
separating out those which involve solely SM particles and those which include a new
light state. With only the SM, new operators through which the top quark might decay
begin in SMEFT at dimension six. These operators can be divided into different cate-
gories: four-fermion operators, Yukawa-like operators, current interactions, and dipole
operators. Our aim is to study a representative sample, rather than a comprehensive
one, so we choose operators exhibiting an array of final state signatures. But there are
many choices for possible tensor structures in the four-fermion operators especially, as
well as another possibility for the Higgs-quark current-current interaction O
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�D�qq (see

e.g. Ref. [48]). We leave a detailed study comparing these possibilities to future work
and here content ourselves to study examples of the possible final states.

In the case where we add a BSM singlet scalar S, we can write down new operators
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ē
c
RjuRj

� �
d̄RkN

�

O
6
qqNN

�
Q̄Li�µQLj

� �
N̄�

µ
N
�

O
6
SSqDq S

2(Q̄Li /DQLj)

O
6
SSqu� S

2(Q̄LiuRj
e�)

O
6
qu�Z 0 (Q̄Li�

µ⌫
uRj)e�F

0
µ⌫

Table 1: Overview of operators inducing top-quark decays into SM particles (left) and
BSM particles (right). QL is a Dirac spinor containing the left-handed quark
doublet. The right-handed quarks are denoted by uR and dR, respectively. LL

and eR are the left- and right-handed lepton doublets/singlets, respectively. i,
j, k, and l are the quark and lepton generation indices. Other indices are sup-
pressed. The Higgs doublet is called �. D denotes the SM covariant derivative,
and /D ⌘ �

µ
Dµ. The SM vector-boson field strengths are called G, W , and B.

The BSM singlets are called S (scalar) and N (Dirac fermion). The Z
0 field

strength is denoted by F
0. The superscript “c” denotes charge conjugation.

in the framework of Two-Higgs doublet models).
We will concern ourselves with solely the lowest-dimensional operators up to dimension

6, which will suffice for us to find top quark decay channels involving either solely SM
states or additionally any of our new light singlets. We list these operators in Table 1,
separating out those which involve solely SM particles and those which include a new
light state. With only the SM, new operators through which the top quark might decay
begin in SMEFT at dimension six. These operators can be divided into different cate-
gories: four-fermion operators, Yukawa-like operators, current interactions, and dipole
operators. Our aim is to study a representative sample, rather than a comprehensive
one, so we choose operators exhibiting an array of final state signatures. But there are
many choices for possible tensor structures in the four-fermion operators especially, as
well as another possibility for the Higgs-quark current-current interaction O

6
�D�qq (see

e.g. Ref. [48]). We leave a detailed study comparing these possibilities to future work
and here content ourselves to study examples of the possible final states.

In the case where we add a BSM singlet scalar S, we can write down new operators

4

NP (scalar singlet) decay

Loop with 1st generation suffer from further helicity suppression.



Dirac fermion singlet

Figure 3: Feynman diagrams for tree-level decays of the scalar singlet S when the new
physics interaction involves the b-quarks directly (left panel) or when an off-
shell W appears in the intermediate diagram (middle panel). Analogous tree-
level decays can occur for Z

0. In the right panel, we show a five-body tree-level
decay of N through an off-shell W . The red vertex denotes the dimension five
or six operators responsible for the respective top-quark decay into a light
BSM particle.

While this is the most interesting possibility, we are not necessarily free to dictate
it, as there may be an upper bound on the lifetime of the new state we are consid-
ering induced by the top-quark decay operator through which it was produced. We
will calculate such upper bounds below. Additional decay channels can of course
always be opened by introducing additional operators with a small enough Wilson
coefficient (or a large enough scale suppression).
Although detector sizes are typically . 10 m, for larger lifetimes the rate of de-
cay in the detector falls only linearly in c⌧ and it is proportional to the volume
of the detector component which is sensitive to the signal, allowing ample detec-
tion prospects on the tail of the decay distribution. The search for LLPs in rare
top-quark decays has a distinct advantage in comparison to some of the other pro-
duction mechanisms. For example, a well-studied benchmark is the production of
LLPs from rare Higgs-boson decay through the Higgs portal coupling. Typically,
additional hard radiation is needed to trigger on this kind of signal. However, in
the case of rare top-quark decay, the SM decay of the other top in the same event
provides a natural trigger without further suppressing the signal rate. Eventually,
these modes become too rare, and the signature in our colliders is simply missing
transverse energy mimicking the situation in which they are stable. This limits the
information one may uncover about the new states even if such exotic top decays
are observed.

We proceed with a calculation of the lower bounds on the decay width of the BSM par-
ticles originating from diagrams involving the top-quark decay operators. We consider
three different possibilities:

• The decay is induced at the tree level involving no off-shell particles. Such a decay
occurs for example for the O

5
SqDq operator, which allows for S ! bd or S ! bs as

the operator is constructed from the left-handed quark doublets (see left diagram
of Fig. 3).
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Figure 4: Feynman diagrams for loop-induced decays of the scalar singlet S (left panel),
the gauge boson Z

0 (middle panel), and the sterile neutrino N (right panel).
The red vertex denotes the dimension five or six operator responsible for the
respective top-quark decay into a light BSM particle.

• The decay is induced at the loop level with an internal W boson to exchange the
top with a lighter quark, as in Fig. 4.

• The decay is induced at the tree level involving an off-shell top-quark and a (poten-
tially off-shell) W boson, which further decays either hadronically or leptonically
(see middle and right diagrams of Fig. 3).

To calculate these decay rates, we employ MadGraph5_aMC@NLO for the tree-level decays
and the packages FeynArts [75, 76], FormCalc [77], and LoopTools [77] for the loop-
induced decays—having generated the necessary model file using FeynRules.

Note that the appearance of a W boson in the later two possibilities to exchange
the heavy top for the lighter bottom means that these decay widths can be sensitive
to the interplay of flavor with chirality in the operators. For example, for an operator
containing Q̄L1uR3, the right-handed top quark can be easily switched to left-handed by
its large Yukawa, such that a W boson can easily be coupled to the top quark resulting
in sizeable loop-induced decay rates. But in the opposite case Q̄L3uR1 it is very costly to
change the up-quark chirality, and the leading decay channel may become the four-body
tree-level decay with an off-shell W . These considerations made little difference for the
top-quark decay rates but can have a large impact on the phenomenology of the light
singlets.

The numerical results for the decay width of the scalar singlet S (and the corresponding
decay length) induced by operators coupling the top quark to first-generation quarks are
shown in the upper left panel of Fig. 5. The decay width of S strongly depends on the
nature of the operator inducing the decay(s) as well as on the mass of S.

Starting with the O
5
Sq1Dq3 operator, the S is decaying promptly for mS > mb and

long-lived for mS < mb. The contribution of the various decay channels is broken down
in the upper right panel of Fig. 5. The tree-level decay to bd dominates in the region of
mS > mB. For mS < mB, the decay width is orders of magnitude smaller and originates
from loop-induced decays where the top quark is traded for a first- or second-generation
quark via the W boson in the loop (receiving a suppression by the off-diagonal entries
of the CKM matrix). The off-shell four-body decay into three light and one b jet is only
relevant for high mS, for which at least the intermediary W boson can be on-shell.
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Figure 6: Mass dependence of the decay widths of the gauge boson Z
0 (left panel), and

the sterile neutrino N (right panel) into SM particles. The results are shown
setting ⇤NP = 1 TeV and all Wilson coefficients equal to one.

For the O
5
Sq3Dq1 operator, the tree-level decays are proportional to the down quark

mass, which strongly suppresses it.4 For the same reason, also the loop-induced and the
four-body tree-level decays are strongly suppressed.

For the Yukawa-type operators (O5
Sq1u3� and O

5
Sq3u1�), there are no tree-level two-

body decays and the tree-level four-body decays give a sizeable rate only for large mS.
For the O

5
Sq3u1� operator, also the loop-induced decay channels are suppressed due to

the chirality structure of the operator resulting in S being long-lived for large parts of
the considered parameter space. For the O

5
Sq1u3� operator, on the other hand, the loop-

induced decay channels are sizeable resulting in S being long-lived only for mS . mb.
In the lower panel of Fig. 5, we look at the changes in the S decay rate if it couples

the top quark to a second-generation quark. In comparison to first-generation operators
in the upper panels of Fig. 5, the main changes are visible for the O

5
Sq3Dq2 and O

5
Sq3u2�

operators. For the O
5
Sq3Dq2 operator, both the tree-level and one-loop two-body decays

are significantly enhanced due to the strange-quark mass being substantially larger than
the down-quark mass. For the same reason, the loop-level two-body decay induced by
the O

5
Sq3u2� operator is significantly enhanced. In general, the possibility of S being

long-lived is more constrained if it couples the top quark to second-generation quarks
instead of first-generation quarks. This conclusion also holds for the fermionic and vector
singlets N and S. Therefore, we in the following only discuss the case in which they
couple the top quark to first-generation quarks.

In the case of the singlet vector Z
0 (see left panel of Fig. 6), the nature of its decay

depends strongly on the flavour structure of the dipole operator. In the case of O
6
q1u3Z0 ,

the two-body loop-induced decay dominates for lower Z
0 masses whereas for higher

masses the tree-level four-body decay gives a sizeable contribution. These decays are
prompt whenever the Z

0 mass is sufficiently above the bottom-quark mass. However,

4The derivative acting on q1 can be rewritten in terms of the mass of the quark on which it is acting
using the Dirac equation.
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Figure 6: Mass dependence of the decay widths of the gauge boson Z
0 (left panel), and

the sterile neutrino N (right panel) into SM particles. The results are shown
setting ⇤NP = 1 TeV and all Wilson coefficients equal to one.

For the O
5
Sq3Dq1 operator, the tree-level decays are proportional to the down quark

mass, which strongly suppresses it.4 For the same reason, also the loop-induced and the
four-body tree-level decays are strongly suppressed.

For the Yukawa-type operators (O5
Sq1u3� and O

5
Sq3u1�), there are no tree-level two-

body decays and the tree-level four-body decays give a sizeable rate only for large mS.
For the O

5
Sq3u1� operator, also the loop-induced decay channels are suppressed due to

the chirality structure of the operator resulting in S being long-lived for large parts of
the considered parameter space. For the O

5
Sq1u3� operator, on the other hand, the loop-

induced decay channels are sizeable resulting in S being long-lived only for mS . mb.
In the lower panel of Fig. 5, we look at the changes in the S decay rate if it couples

the top quark to a second-generation quark. In comparison to first-generation operators
in the upper panels of Fig. 5, the main changes are visible for the O

5
Sq3Dq2 and O

5
Sq3u2�

operators. For the O
5
Sq3Dq2 operator, both the tree-level and one-loop two-body decays

are significantly enhanced due to the strange-quark mass being substantially larger than
the down-quark mass. For the same reason, the loop-level two-body decay induced by
the O

5
Sq3u2� operator is significantly enhanced. In general, the possibility of S being

long-lived is more constrained if it couples the top quark to second-generation quarks
instead of first-generation quarks. This conclusion also holds for the fermionic and vector
singlets N and S. Therefore, we in the following only discuss the case in which they
couple the top quark to first-generation quarks.

In the case of the singlet vector Z
0 (see left panel of Fig. 6), the nature of its decay

depends strongly on the flavour structure of the dipole operator. In the case of O
6
q1u3Z0 ,

the two-body loop-induced decay dominates for lower Z
0 masses whereas for higher

masses the tree-level four-body decay gives a sizeable contribution. These decays are
prompt whenever the Z

0 mass is sufficiently above the bottom-quark mass. However,

4The derivative acting on q1 can be rewritten in terms of the mass of the quark on which it is acting
using the Dirac equation.
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Figure 4: Feynman diagrams for loop-induced decays of the scalar singlet S (left panel),
the gauge boson Z

0 (middle panel), and the sterile neutrino N (right panel).
The red vertex denotes the dimension five or six operator responsible for the
respective top-quark decay into a light BSM particle.

• The decay is induced at the loop level with an internal W boson to exchange the
top with a lighter quark, as in Fig. 4.

• The decay is induced at the tree level involving an off-shell top-quark and a (poten-
tially off-shell) W boson, which further decays either hadronically or leptonically
(see middle and right diagrams of Fig. 3).

To calculate these decay rates, we employ MadGraph5_aMC@NLO for the tree-level decays
and the packages FeynArts [75, 76], FormCalc [77], and LoopTools [77] for the loop-
induced decays—having generated the necessary model file using FeynRules.

Note that the appearance of a W boson in the later two possibilities to exchange
the heavy top for the lighter bottom means that these decay widths can be sensitive
to the interplay of flavor with chirality in the operators. For example, for an operator
containing Q̄L1uR3, the right-handed top quark can be easily switched to left-handed by
its large Yukawa, such that a W boson can easily be coupled to the top quark resulting
in sizeable loop-induced decay rates. But in the opposite case Q̄L3uR1 it is very costly to
change the up-quark chirality, and the leading decay channel may become the four-body
tree-level decay with an off-shell W . These considerations made little difference for the
top-quark decay rates but can have a large impact on the phenomenology of the light
singlets.

The numerical results for the decay width of the scalar singlet S (and the corresponding
decay length) induced by operators coupling the top quark to first-generation quarks are
shown in the upper left panel of Fig. 5. The decay width of S strongly depends on the
nature of the operator inducing the decay(s) as well as on the mass of S.

Starting with the O
5
Sq1Dq3 operator, the S is decaying promptly for mS > mb and

long-lived for mS < mb. The contribution of the various decay channels is broken down
in the upper right panel of Fig. 5. The tree-level decay to bd dominates in the region of
mS > mB. For mS < mB, the decay width is orders of magnitude smaller and originates
from loop-induced decays where the top quark is traded for a first- or second-generation
quark via the W boson in the loop (receiving a suppression by the off-diagonal entries
of the CKM matrix). The off-shell four-body decay into three light and one b jet is only
relevant for high mS, for which at least the intermediary W boson can be on-shell.
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Loop with 1st generation suffer from further helicity suppression.



Long lived particles
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Figure 7: Lifetimes of the singlets S (blue), N (orange), and Z
0 (green) interacting

through the indicated operators over a range of singlet masses. The longest
lifetimes are achieved for mBSM = 1 GeV at the upper end (in some cases they
exceed the upper limit of the plot); the hatched regions denote masses larger
than 100 GeV. Lifetimes well below the dashed line at 1mm produce prompt
decays rather than displaced ones.
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LLP searches in ttbar

t

t̄

LLP

The rest of the event = “free” trigger.


Unlike higgs→ LLP, or disappearing track, need another radiation to trigger



Conclusions

HL-LHC is a top factory. 


Great opportunity to go after top rare decays.


Rich SM final states.


NP final states, new opportunity for LLP searches.


e+e- can be complementary in some channels.



Why 350?



Gains from run at ttbar

Top mass a key  input for electroweak precision.

Parameter Current CEPC baseline Improved mt

S 3.4 ◊ 10≠2 8.1 ◊ 10≠3 6.6 ◊ 10≠3

T 2.8 ◊ 10≠2 9.2 ◊ 10≠3 6.5 ◊ 10≠3

Table 12: Current and CEPC projected one-parameter bounds on S and T (in each case, assuming that
the other is zero). In the last column, we assume an improved mt precision: ±0.03exp ± 0.1th. [JiJi: this
assumes ilc precision of mt]

[JiJi: Rewrite and update: a) update the plots; b) edit the text throughout according to the new
plots, in particular, delete comparison between ILC, FCC-ee and CEPC]

So far we have presented the reach of CEPC for new physics parametrized by S and T . In
this section, we want to address some general questions of EWPT: what are the most important
observables whose precisions need to be improved to achieve the best sensitivity of EWPT? What
levels of precision are desirable for these observables? The answers are already contained in the
simplified fits of the CEPC electroweak programs with potential improvements but we want to
make it clearer by decomposing the fit into three steps and changing the error bar of only one or
two observables at each step. For this section, we will consider two limits with S = 0 or T = 0 and
consider only the bound on T or S. The analysis is adapted and updated from ref. [75].

Among all electroweak observables, mW is the one that is most sensitive to the T parameter
and sin2

◊
¸

e� is the one most sensitive to the S parameter. This is demonstrated by the plots in the
first row of Fig. 5, where we presented the dependence of T setting S = 0 (left panel) and S setting
T = 0 (right panel) on four observables: mW , sin2

◊
¸

e� , �Z and mt. Keeping the other observables
with the current precisions, the allowed T at 2‡ C.L. will decrease by a factor of ≥ 3 if the mW

error bar is reduced from the current value 12 MeV to 3 MeV, the CEPC projection. The allowed
S at 2‡ C.L. will decrease by a factor of ≥ 3 if the sin2

◊
¸

e� error bar is reduced from the current
value 1.6 ◊ 10≠4 by a factor of 10, the CEPC projection. Note that sin2

◊
¸

e� is a derived quantity
from forward-backward asymmetries such as A

0,b

FB. Thus the priority of all electroweak programs is
to improve the measurements of mW or sin2

◊
¸

e� and reduce their theory uncertainties as well.
For mW as well as the other derived observables, the errors of mt and mZ are the dominant

sources of parametric uncertainties at the moment. Thus among all free observables in the fit, mt

and mZ are the most important ones to improve the sensitivity to new physics further. The e�ect
on T from reducing the error bars of mt and mZ for di�erent choices of ”mW is presented in the
lower row of Fig. 5. In these two plots, we fix the errors of all the other observables in the fit to
their current values. When ”mW drops to around 3 MeV, reducing ”mZ to about 0.5 MeV and
”mt to about 0.1 GeV simultaneously could improve the constraint on T by a factor of about 2.
However, along the S axis, reducing ”mt and ”mZ doesn’t help much as depicted in the right panel
of the bottom row in Fig. 5.

Lastly, it is found in ref [75] that once ”mt is reduced to be below 100 MeV and mZ is reduced
to be below 0.5 MeV, they are no longer the dominant sources of parametric uncertainties while the
contribution from �–

(5)
had will become the most important one. Reducing the error bar of �–

(5)
had by

a factor of 5 or more may only buy us a mild improvement of allowed T range about 2.
In summary, the following observables are the most important ones for EWPT and they should

be determined with precisions

• Determine mW to better than 5 MeV precision and sin2
◊

¸

e� to better than 2 ◊ 10≠5 precision.

• Determine mt to 100 MeV precision and mZ to 500 keV precision.
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Figure 5: First row: allowed T (left) and S (right) at 2‡ C.L. as a function of error bar of one observable
(normalized with respect to its current value) with the precisions of all the other observables in the fit fixed
at current values. Second row: contours of allowed T (S) at 2 ‡ C.L. in the (”mt, ”mZ) plane for ”mW = 3
MeV (left) and ” sin2

◊
¸
e� = 2 ◊ 10≠5 (right). Again the precisions of all other observables in the fit fixed at

current values.

Notice that in the discussions of this section, we do not di�erentiate theory uncertainties from
experimental ones. It should be understood that the precision goals apply to both experimental
and theory uncertainties. This means that for mW and sin2

◊
¸

e� , complete three-loop SM electroweak
corrections computations are desirable.

3.3 The Standard Model E�ective Field Theory
While the S and T parameters capture the leading contributions to the Z-pole observables in many
BSM scenarios, their applications are however restricted within the so-called “universal theories”,
where the new physics is assumed to couple to SM only via the Higgs and electroweak bosons
(double check the statement). A more general approach is to perform a global fit with all mea-
surements in the framework of the Standard Model E�ective Field Theory (SMEFT), in which
the SM Lagrangian is augmented by higher dimensional operators of the SM fields, generated by
integrating out heavy new physics states [83–86]. (maybe add more citations) This approach comes
with several advantages. First, it o�ers a systematic parameterization of the new physics e�ects,
applicable to both universal and non-universal theories. Second, it is a useful tool for studying the
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Beyond top mass

Modifies Vqq couplings


Also qqVh, little impact on 

Higgs coupling fits

Better sensitivities to these running at the ttbar energies



Better sensitivities at ttbar 
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Better at higher energies 15

Impact of a 350/360 GeV run
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! Measurements at 365 GeV provides additional handles on anomalous
couplings (e.g. hZµZµ vs. hZµνZµν ).

! Also improves the measurements of aTGCs.

Jiayin Gu JGU Mainz

Towards v2.0 of the CEPC EFT fit

PRELIMINARY

Gain up to a factor of a few 

Even better if one can run at even higher energies.

Jiayin Gu


