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very articulated field with lots of cross-talk between  and pp e+e−

The most obvious way to study the top quark is to produce it in large numbers

 Make a Top factory⇒

 at 14 TeV means 109 top quarks per  at HL-LHCσpp→tt̄ ≃ 1 nb ab−1

 at 0.365 TeV means 106 top quarks per  at  the top factoryσe+e−→tt̄ ≃ 1 pb ab−1 } obvious complementarities, 

• where the HL-LHC suffers too busy events the top factory can shine

• where the top factory lacks statistics the HL-LHC can supply

also “single” production modes can bring very useful info

 e.g. can measure weak couplingspp → t + X
  can probe top quark contact interactions (even 

at energies below the top quark pair threshold)
e+e− → tq

also “boosted” production modes can bring very useful info

  still O(pb) for  at LHC14pp → tt pT,top ≥ 500 GeV

  still O(pb) for  at LHC14pp → ttj pT,jet ≥ 500 GeV

pp

e+e−

also “associated” production modes can bring very useful info
  unique routes to access couplings 

weak and Yukawa couplings 
pp → ttZ, tth
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Top quark decay
Traditional topic for top factories is the possibility of BSM decays 

Especially when the direct reach was limited (e.g. LEP and TeVatron times) the top quark might 
have been our “window” to new physics

e.g.  in MSSM or general 2HDMt → H+b e.g.  in MSSM or general 2HDM and many other models t → Vq

Such light  is hardly tenable* these days. The possibility of flavor violation, instead, is more subtle.H+
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Table 3
Uncertainties on B(t → H+b) and σtt̄ for the simultaneous fit in the tauonic model,
assuming MH+ = 80 GeV.

Source B(t → H+b) σtt̄ (pb)

+1 SD −1 SD +1 SD −1 SD

Statistical uncertainty 0.067 −0.066 0.68 −0.64

Lepton identification 0.001 −0.001 0.16 −0.13
Tau identification 0.014 −0.014 0.12 −0.13
Jet identification 0.005 −0.005 0.07 −0.07
b jet identification 0.003 −0.003 0.31 −0.29
Jet energy scale 0.014 −0.014 0.10 −0.09
Tau energy scale 0.011 −0.010 0.10 −0.08
Trigger modeling 0.009 −0.000 0.12 −0.11
Signal modeling 0.014 −0.016 0.23 −0.23
Background estimation 0.003 −0.003 0.15 −0.14
Multijet background 0.036 −0.033 0.31 −0.34
Luminosity 0.002 −0.002 0.57 −0.48
Other 0.006 −0.006 0.17 −0.17

Total systematic uncertainty 0.047 −0.044 0.84 −0.77

Fig. 4. Upper limit on B(t → H+b) for the simultaneous fit of B(t → H+b) and σtt̄
versus MH+ . The yellow band shows the ±1 SD band around the expected limit.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this Letter.)

MH+ = 155 GeV. For high charged Higgs boson masses, where the
correlation becomes high, the sensitivity degrades compared to the
case where the tt̄ cross section is fixed.

The tt̄ cross section is set to the measured value in the gen-
eration of pseudo-datasets for the limit setting procedure. For the
fit to the pseudo-data, σtt̄ and B(t → H+b) are allowed to float.
In Table 2 the expected and observed upper limits on B(t → H+b)
are listed together with the simultaneous measurement of the tt̄
cross section for a top quark mass of 170 GeV. Within uncertain-
ties, the obtained cross section for all masses of the charged Higgs
boson agrees with σtt̄ = 8.18+0.98

−0.87 pb, which was measured on the
same data set assuming B(t → W +b) = 1 [2].

In Fig. 4 the upper limits on B(t → H+b) for MH+ from 80 to
155 GeV are shown. For small MH+ , the simultaneous fit provides
an improvement of the sensitivity of more than 20% compared to
the case where the tt̄ cross section is fixed. Furthermore, the tt̄
cross section measured here represents a measurement indepen-
dent of the assumption B(t → W +b) = 1.

The simultaneous fit requires a reasonably small correlation be-
tween the two fitted observables. Since at present we have only
included disappearance channels for the leptophobic model, the
correlation between B(t → H+b) and σtt̄ is large (≈ 90%) for all
charged Higgs boson masses, and thus we have not used the si-
multaneous fit method there.

Table 4
Summary of the most important SUSY parameter values (in GeV) for different MSSM
benchmark scenarios.

Parameter CPXgh mh-max No-mixing

µ 2000 200 200
MSUSY 500 1000 2000
A 1000 · exp(iπ/2)

Xt 2000 0
M2 200 200 200
M3 1000 · exp(iπ) 800 1600

5. Interpretations in supersymmetric models

The limits on B(t → H+b) presented in Figs. 2, 3 and 4 are
interpreted in different SUSY models and excluded regions of
[tan β, MH+] parameter space are derived. The investigated MSSM
benchmark models [7] depend on several model parameters: µ is
the strength of the supersymmetric Higgs boson mixing; MSUSY
is a soft SUSY-breaking mass parameter representing a common
mass for all scalar fermions (sfermions) at the electroweak scale;
A = At = Ab is a common trilinear Higgs–squark coupling at the
electroweak scale; Xt = A − µ cot β is the stop mixing parame-
ter; M2 denotes a common SU(2) gaugino mass at the electroweak
scale; and M3 is the gluino mass. The top quark mass, which has
a significant impact on the calculations through radiative correc-
tions, is set to the current world average of 173.1 GeV [14].

Direct searches for charged Higgs bosons have been performed
by the LEP experiments resulting into limits of MH+ < 79.3 GeV in
the framework of 2HDM [18]. Indirect bounds on MH+ in the re-
gion of tanβ < 40 were obtained for several MSSM scenarios [19],
two of which are identical to the ones presented in Sections 5.3
and 5.4 of this Letter.

5.1. Leptophobic model

A leptophobic model with a branching ratio of B(H+ → cs̄) = 1
is possible in MHDM [3,4]. Here we calculate the branching ra-
tio B(t → H+b) as a function of tan β , and the charged Higgs
boson mass including higher order QCD corrections9 using Feyn-
Higgs [20]. Fig. 5 shows the excluded region of [tanβ, MH+] pa-
rameter space. For tan β = 0.5, for example, MH+ up to 153 GeV
are excluded. For low MH+ , values of tan β up to 1.7 are excluded.
These are the most stringent limits on the [tan β, MH+] plane in
leptophobic charged Higgs boson models to date.

5.2. CPX model with generation hierarchy

B(H+ → τ+ν)+ B(H+ → cs̄) ≈ 1 can be realized in a particular
CPX benchmark scenario (CPXgh) [6] of the MSSM. This scenario is
identical to the CPX scenario investigated in [19] except for a dif-
ferent choice of arg(A) and an additional mass hierarchy between
the first two and the third generation of sfermions which is intro-
duced as follows:

M X̃1,2
= ρ X̃ M X̃3

, (3)

where X̃ collectively represents the chiral multiplet for the left-
handed doublet squarks Q̃ , the right-handed up-type (down-type)
squarks Ũ (D̃), the left-handed doublet sleptons L̃ or the right-
handed charged sleptons Ẽ . Taking ρŨ ,L̃,Ẽ = 1, ρQ̃ ,D̃ = 0.4 and re-
quiring that the masses of the scalar left- and right-handed quarks
and leptons are large M Q̃ 3,D̃3

= 2MŨ3,L̃3,Ẽ3
= 2 TeV, we calculate

9 Since this model cannot be realized in the MSSM without further modifications,
higher order SUSY corrections are not included.
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Higgs Mass Expected limit Observed limit
(stat.⊕ syst.) (stat.⊕ syst.)

90 GeV 0.080 0.051
100 GeV 0.034 0.034
110 GeV 0.026 0.025
120 GeV 0.021 0.018
130 GeV 0.023 0.014
140 GeV 0.020 0.013
150 GeV 0.015 0.012

Table 3 Expected and observed 95% CL limits, including
systematic uncertainties, on the branching ratio for a top-
quark to decay to a charged Higgs boson and a b-quark, as-
suming that B(H+ → cs̄) = 100%. The limits shown are
calculated using the CLs limit-setting procedure.

this likelihood can constrain the αj parameters beyond
the precision of the subsidiary measurements. The ef-
fects of systematic uncertainties are applied coherently
in signal and background distributions. The subsidiary
measurements of the αj parameters are taken to be un-
correlated. The fit uses 17 nuisance parameters in to-
tal. None of them are shifted by more than one sigma
compared to the original values obtained in subsidiary
measurements. Maximal reduction of uncertainty is ob-
tained for the jet energy scale parameter which is re-
duced by 50%.

The limits on the branching ratio are extracted us-
ing the CLS technique at 95% confidence level [63, 64].
The consistency of the data with the background model
can be determined by comparing the value of the test
statistic (a profile likelihood ratio based on Eq. 2) in
the data with the expectation from background-only
Monte Carlo simulated experiments. The correspond-
ing probability (p-value) for the background to produce
the observed mass distribution varies from 67% to 71%
as a function of mH+ , indicating that there is no signif-
icant deviation from the background hypothesis. The
expected and observed limits, shown in Table 3 and
Fig. 4, are calculated using asymptotic formulae [63].
The expected limits on B, including the statistical un-
certainty, vary between 1–3% depending on mH+ . The
observed limits, including both statistical and system-
atic uncertainties, vary between 1–5%. The extracted
limits are the most stringent to date on the branching
ratio B(t → H+b), assuming B(H+ → cs̄) = 100%.
These results can be used to set limits for a generic
scalar charged boson decaying to dijets in top-quark
decays, as long as the width of the resonance formed is
less than the experimental dijet resolution of 12 GeV.

 [GeV]+Hm
90 100 110 120 130 140 150

b)+
 H

Æ
95

%
 C

L 
on

 B
(t 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14
Expected Limit

σ 1±Expected 
σ 2±Expected 

Observed Limit

Limits at 95% CL:

-1 Ldt = 4.7 fb∫ = 7 TeVs

) = 100%s cÆ+B(H

ATLAS

Fig. 4 The extracted 95% CL upper limits on B(t → H+b)
are shown in the range of the charged Higgs mass from 90
GeV to 150 GeV. The limits shown are calculated using the
CLs limit-setting procedure.

7 Conclusions

A search for charged Higgs bosons decaying to cs̄ in
tt̄ production has been presented. The dijet mass dis-
tribution is in good agreement with the expectation
from the SM and limits are set on the branching ra-
tio B(t → H+b), assuming B(H+ → cs̄) = 100%.
The observed limits range from B = 5% to 1% for
mH+ = 90 GeV to 150 GeV. These are the best lim-
its to date on charged Higgs boson production in this
channel.
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Figure 8: The observed (solid) 95% CL upper limits on B = B(C ! �
±
1) ⇥ B(�± ! 21) as a function of <�±

and the expectation (dashed) under the background-only hypothesis. The inner green and outer yellow shaded bands
show the ±1f and ±2f uncertainties of the expected limits. The exclusion limits are presented for <�± between 60
and 160 GeV with 10 GeV <�± spacing and linear interpolation between adjacent mass points. Superimposed on the
upper limits, the predictions from the 3HDM [21, 22] are shown, corresponding to three benchmark values for the
parameters - , . , and / described in the text.

There is no significant excess of data events above the background expectation, and 95% CL limits are set
on the product of branching fractions B. Figure 8 shows the observed (expected) 95% CL upper limits
on the branching fraction B as a function of <�± ; they range from 0.15% (0.09%) up to 0.42% (0.25%)
depending on <�± . The acceptance loss for the 1-jet produced from the decay C ! �

±
1 increases for

<�± close to the top-quark mass, resulting in weaker exclusion limits. Superimposed on the upper limits,
the predictions from the 3HDM [21, 22] are shown, corresponding to three benchmark values for the
parameters - , . , and / , which are functions of the Higgs-doublet vacuum expectation values and the
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Charged Higgs direct searches
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Top quark decay at the Top Factory
t → BSM

• Most references are on complete models, 
some from 1990s


• Correct formulae do not expire.


• But phenomenological interpretations of 
correct formulae do expire when high energy 
(LHC) and high-intensity (flavor) experiments 
work hard to search NP!


• Most recent searches of NP express results 
in “simplified models”, small brothers of the 
full microscopic models, used to can capture 
salient feature of a relatively broad class of 
models.


• Translation and merging of info is needed to 
really update these specific models

1311.2028 - Agashe et al. - Snowmass 2013 Top quark working group report

2HDM help needed



Decays
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FCNC EW
2301.11605 - ATLAS
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Figure 1: Examples of the lowest-order Feynman diagrams for (a) tt production, with one top quark decaying through
the dominant mode in the SM and the other via an FCNC process and for (b) single top-quark production via an
FCNC process in the B-channel.

hadron calorimeters, and a muon spectrometer. The inner tracking detector (ID) covers the pseudorapidity
range |[ | < 2.5. It consists of silicon pixel, silicon microstrip, and transition radiation tracking detectors.
Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic (EM) energy measurements
with high granularity. A steel/scintillator-tile hadron calorimeter covers the central pseudorapidity range
(|[ | < 1.7). The endcap and forward regions are instrumented with LAr calorimeters for both the EM and
hadronic energy measurements up to |[ | = 4.9. The muon spectrometer surrounds the calorimeters and is
based on three large superconducting air-core toroidal magnets with eight coils each. The field integral of
the toroids ranges between 2.0 and 6.0 T m across most of the detector. The muon spectrometer includes a
system of precision tracking chambers and fast detectors for triggering. A two-level trigger system [25] is
used to select events. The first-level trigger is implemented in hardware and uses a subset of the detector
information to accept events at a rate below 100 kHz. This is followed by a software-based trigger that
reduces the accepted event rate to 1 kHz on average depending on the data-taking conditions. An extensive
software suite [26] is used in data simulation, in the reconstruction and analysis of real and simulated data,
in detector operations, and in the trigger and data acquisition systems of the experiment.

3 Data and samples of simulated events

The data sample used in this analysis corresponds to 139 fb≠1 of pp collisions at
p
B = 13 TeV collected by

the ATLAS detector during 2015–2018, after requiring stable LHC beams and that all detector subsystems
were operational [27].

Candidate events were required to satisfy one of the single-electron triggers or one of the single-muon
triggers [25, 28, 29]. Single-lepton triggers with low transverse momentum (?T) thresholds and isolation
requirements were combined in a logical OR with higher-threshold triggers that had a looser identification
criterion and did not have any isolation requirement. The lowest ?T threshold used for electrons was 24 GeV
(26 GeV) in 2015 (2016–2018), while for muons the corresponding threshold was 20 GeV (26 GeV).

To evaluate the e�ects of the detector resolution and acceptance on the signal and background, and to
estimate the SM backgrounds, simulated event samples were produced using a G����4-based Monte Carlo
(MC) detector simulation [30, 31]. Some of the samples used for evaluating systematic uncertainties did
not use the full G����4 simulation but instead relied on parameterized showers in the calorimeter [31].

4

Table 8: Observed and expected 95% CL limits on the FCNC t ! Zq branching ratios and the e�ective coupling
strengths for di�erent vertices and couplings (top eight rows). For the latter, the energy scale is assumed to be
⇤NP = 1 TeV. The bottom rows show, for the case of the FCNC t ! Zu branching ratio, the observed and expected
95% CL limits when only one of the two SRs, either SR1 or SR2, and all CRs are included in the likelihood.

Observable Vertex Coupling Observed Expected

SRs+CRs

B(t ! Zq) tZu LH 6.2⇥10�5 4.9 +2.1
�1.4 ⇥ 10�5

B(t ! Zq) tZu RH 6.6⇥10�5 5.1 +2.1
�1.4 ⇥ 10�5

B(t ! Zq) tZc LH 13⇥10�5 11 +5
�3 ⇥ 10�5

B(t ! Zq) tZc RH 12⇥10�5 10 +4
�3 ⇥ 10�5

|⇠
(13)⇤
D,

| and |⇠
(13)⇤
D⌫

| tZu LH 0.15 0.13 +0.03
�0.02

|⇠
(31)
D,

| and |⇠
(31)
D⌫

| tZu RH 0.16 0.14 +0.03
�0.02

|⇠
(23)⇤
D,

| and |⇠
(23)⇤
D⌫

| tZc LH 0.22 0.20 +0.04
�0.03

|⇠
(32)
D,

| and |⇠
(32)
D⌫

| tZc RH 0.21 0.19 +0.04
�0.03

SR1+CRs

B(t ! Zq) tZu LH 9.7⇥10�5 8.6 +3.6
�2.4 ⇥ 10�5

B(t ! Zq) tZu RH 9.5⇥10�5 8.2 +3.4
�2.3 ⇥ 10�5

SR2+CRs

B(t ! Zq) tZu LH 7.8⇥10�5 6.1 +2.7
�1.7 ⇥ 10�5

B(t ! Zq) tZu RH 9.0⇥10�5 6.6 +2.9
�1.8 ⇥ 10�5

9 Conclusions

A search for FCNC processes involving a top quark, an up-type quark and a Z boson is presented. FCNC
tZq couplings are searched for both in tt decay events, where one top quark decays according to the SM
and the other one decays as t ! Zq, and in single top-quark production through the gq ! tZ FCNC
process, followed by SM top-quark decay. The analysis uses 139 fb≠1 of pp collision data collected by the
ATLAS experiment at the LHC between 2015 and 2018 at a center-of-mass energy of 13 TeV. Events
with three leptons, a b-tagged jet, possible additional jets and missing transverse momentum are selected.
Multivariate discriminants are used to distinguish signal events from background events.

The data are in good agreement with the SM expectations, and no evidence of a signal is found. Limits at
95% CL are placed on the t ! Zq branching ratios for both the tZu and tZc vertices and for both the RH
and LH couplings. Assuming a LH coupling, the observed limits on the branching ratios are 6.2 ⇥ 10≠5 for
t ! Zu and 13 ⇥ 10≠5 for t ! Zc. These results for t ! Zu (t ! Zc) improve on the previous observed
limits from ATLAS by a factor of 3 (2), and on the previous expected limits by a factor of 5 (3). These are
the most stringent limits to date. The improvement relative to the previous results comes from the inclusion
of the FCNC-in-single-top-quark-production signal and the usage of a multivariate analysis in addition to
the higher integrated luminosity. These results also constrain the values of Wilson coe�cients for e�ective
field theory operators contributing to the t ! Zu and t ! Zc FCNC decays of the top quark.

23

Present , HL-LHC might leave little room to improve (projection for HL-LHC should be 
around few  for  according to ATL-PHYS-PUB-2019-001) 

BR < 10−4

10−5 Z → ℓℓ
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Figure 7. Evolution of the signal confidence level, CLs, as a function of the t → cH branching
ratio B for the observation (full line) and the expectation in the absence of signal (dashed line).
The bands at ±1σ and ±2σ around the expected curve are also shown.

Large-sample pseudo-experiments (which take into account the contribution of the

SM Higgs boson production) are used to set the limit on B. The evolution of the signal

confidence level CLs [77] as a function of B, computed from these pseudo-experiments, is

shown in figure 7, where the observed result B < 2.2 × 10−3 at the 95% CL is compared

to the expected one in the absence of signal, B < 1.6× 10−3. The limit derived from these

pseudo-experiments is close to the value obtained, in the asymptotic approximation, from

the intersection of the combined qB curve with the line at 3.84, marking the 95% confidence

level. It is dominated by statistical uncertainties, as shown in figure 5.

The acceptance of the t → uH decays is about 8% lower than for t → cH in the four

analysed channels. The higher acceptance for t → cH is mostly driven by the additional

b-tagging efficiency given by the charm quark as opposed to the up quark. The observed

limit for t → uH is 2.4× 10−3 and the expected limit is 1.7× 10−3, both at the 95% CL.

These limits on B can be translated to limits on the off-diagonal Yukawa coupling via

the relation

λtqH = (1.92± 0.02)×
√
B,

where the mass of the light quark is neglected [33]. The λtqH coupling corresponds to the

sum in quadrature of the couplings relative to the two possible chirality combinations of the

quark fields, λtqH ≡
√

|λtLqR |2 + |λqLtR |2 [78]. The observed (expected) limits are λtcH <

0.090 (0.077) and λtuH < 0.094 (0.079) at the 95% CL. As the analysis does not distinguish

between the two channels, the limit can be written as:
√
λ2
tcH + 0.92λ2

tuH < 0.090, where

the factor 0.92 is due to the difference in acceptance between the two modes. With this

limit ATLAS reaches the sensitivity region where an observation is possible according to

models predicting the largest yields (see section 1 and ref. [31]).

6 Conclusions

The FCNC decay of a top quark into a lighter up-type quark (q = c, u) and a Higgs boson,

t → qH, followed by the decay H → γγ, has been searched for in a data set of 36.1 fb−1

of 13TeV proton-proton collisions recorded by the ATLAS experiment at the LHC. The

– 19 –

No significant excess is observed and an upper limit is set on the t → cH branching ratio 
of 2.2 × 10−3 at the 95% confidence level, while the expected limit in the absence of signal 
is 1.6 × 10−3. The corresponding limit on the tcH coupling is 0.090 at the 95% confidence 
level. The observed upper limit on the t → uH branching ratio is 2.4 × 10−3. 
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Figure 1. Representative leading-order Feynman diagrams for (left) single top quark and (right)
top-quark pair production processes, involving top-Higgs FCNC couplings. The case of leptonic
decays of the W boson is shown.

Before the LHC, the top-FCNC couplings were studied in electron–positron collisions
at LEP2 [34–37], in deep inelastic scattering processes at HERA [38–42], and in proton–
antiproton collisions at Tevatron [43–46]. The electron–positron colliders allow for a study
of the top-g and top-Z couplings in the processes with the production of a single top
quark, e+e� ! tc̄(ū). The study of the deep inelastic scattering of electrons on protons
has an enhanced sensitivity to the same type of couplings in the processes of ep ! et + X,
as well as to the top-gluon FCNC couplings in the ep ! etq(g) + X processes. The obtained
experimental constraints were recently improved by almost one order of magnitude after
the analysis of the LHC proton–proton collision data [47–56].

The top-Higgs FCNC transitions receive the largest suppression in the SM with respect
to the other top-quark FCNC processes because of the large mass of the Higgs boson.
These transitions are among the rarest processes predicted in the SM in the quark sector,
and therefore, the study of these processes is associated with a generally enhanced sen-
sitivity to potential new physics effects. The discovery of the Higgs boson at the LHC
paved a way to a comprehensive study of the top-Higgs FCNC processes at the ATLAS and
CMS experiments, which resulted in the first experimental constraints on these anomalous
couplings [57–65]. The direct searches for the top-Higgs FCNC effects are performed in
top-quark decays, as well as in the associated production of single top quarks with a Higgs
boson. Many of the performed studies were targeting the top-quark FCNC decays in tt̄
events. In recent studies of the 13 TeV data, the analysis of the single top-quark-associated
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boson diphotonic invariant mass. The contributions from various background processes are
fitted in the mass sidebands in the data, followed by its extrapolation to the signal region.
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production must be accounted for, representing one of the dominant resonant backgrounds
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processes involving the Higgs boson represent the main uncertainties in the study of these
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The searches for top-Higgs FCNC processes in the h ! gg channel were carried out
by ATLAS [59] and CMS [63] in the single-lepton and hadronic final states, including a
pair of photons (Figure 2). The integrated luminosity of the recorded 13 TeV data cor-
responds to 36 and 137 fb�1, respectively. The identification of isolated photon objects
and the common vertex of the photon pair is the core part of the analysis. The photon

Present , @137 , HL-LHC might go to  (TBC), which leaves little 
room for the top factory, e.g. 500  at CLIC380 gives is BR<   

BR(t → cH) < 2.2 ⋅ 10−3 @36 fb−1 9.4 ⋅ 10−4 fb−1 3 ⋅ 10−4

fb−1 2 ⋅ 10−4

[1810.05487] Expected 95% C.L. limits for 500 fb−1 collected at 380 GeV CLIC are:  
BR(t → cγ) < 4.7·10−5, BR(t → cH)×BR(H → bb) < 1.2·10−4 and BR(t → cEmiss) < 1.2 − 4.1 · 10−4.

12

Hutκ
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Hc
t

κ

0.02

0.04

0.06

0.08

0.1

0.12

0.14

 (13 TeV)-1137 fb

CMS 95% CL upper limits
Expected

 1 std. dev.±Expected 
 2 std. dev.±Expected 

Observed

 Hu) (%)→B(t
0 0.05 0.1 0.15 0.2 0.25

 H
c)

 (%
)

→
B(

t

0.05

0.1

0.15

0.2

0.25  (13 TeV)-1137 fb

CMS 95% CL upper limits
Expected

 1 std. dev.±Expected 
 2 std. dev.±Expected 

Observed

Figure 6: Upper limits on the couplings kHut and kHct (left), and the branching fractions B(t !

Hu) and B(t ! Hc) (right) at 95% CL.

8 Summary
A search for flavor-changing neutral current interactions in events with a top quark (t) decay-
ing leptonically and a Higgs boson (H) decaying to a bottom quark-antiquark pair has been
presented. The search uses the LHC data, collected at

p
s = 13 TeV in 2016–2018 and corre-

sponding to an integrated luminosity of 137 fb�1 of proton-proton collisions. Events are ana-
lyzed, in the single-lepton channel containing a muon or electron in addition to the presence
of at least three jets, where at least two of them are identified as originating from the hadron-
ization of a bottom quark. No significant deviation from the standard model prediction has
been observed and upper limits on the branching fractions B(t ! Hq) have been set where
q refers to the up (u) and charm quarks (c); their observed (expected) excluded values at 95%
confidence level are B(t ! Hu) < 0.079 (0.11)% and B(t ! Hc) < 0.094 (0.086)%. The ob-
served limits reach the order of 10�4 in terms of branching fraction compared to the prediction
from several well-known extensions of standard model that predict the values as high as 10�5

to 10�3. This search substantially improves upon previous CMS results in the same final state
by exploiting the larger integrated luminosity of 137 fb�1 and by using advanced multivariate
analysis techniques to perform the kinematic event reconstruction and signal extraction.
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2 The CMS detector
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flux-return yoke outside the solenoid. Events of interest are selected using a two-tiered trigger
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3 Signal and background modeling
The signal samples are generated at leading order (LO) in perturbative quantum chromody-
namics (QCD) with MADGRAPH5 aMC@NLO 2.6.0 (TT production mode) or 2.4.2 (ST produc-
tion mode) [30]. The Lagrangian with a FCNC coupling (kHqt)

L = Â
q=u,c

g
p

2
t kHqt( f

L
Hq PL + f

R
Hq PR)qH + h.c. (1)

is implemented in the FEYNRULES package [31], and the universal FEYNRULES output for-
mat [32] is used to generate the signal model. The complex chiral parameters f

L
Hq and f

R
Hq

have negligible impact on the kinematics, and are fixed to 0 and 1, respectively. Up to two ad-
ditional partons are generated at the matrix-element level for the TT production mode, while
none are considered for the ST mode as they would induce an overlap between the two pro-
cesses. The MLM [33] matching prescription is used to interface the hard-process simulation
with the parton-shower modeling. The ST and TT processes are generated for two scenarios
(Hut or Hct), assuming the presence of only one nonvanishing FCNC coupling at a time (kHut
or kHct). The TT signal production cross section predicted to 46.5 pb for each coupling, ob-
tained by multiplying the SM tt production cross section by the corresponding branching frac-
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Flavor-changing quark decays mediated by neutral currents (FCNCs) are forbidden at tree level
in the standard model (SM). They may proceed at higher orders in the perturbative expansion;
however, these rates are heavily suppressed by the Glashow–Iliopoulos–Maiani mechanism [1]
or Cabibbo–Kobayashi–Maskawa unitarity constraints [2]. The SM branching fractions for the
decay of a top quark (t) into a Higgs boson (H) and up quark (u), t ! Hu, or charm quark (c),
t ! Hc, are expected to be O(10�17) and O(10�15), respectively [3–6], well below the current
sensitivity of the LHC experiments [7]. Thus, any observation of a t ! Hq FCNC interaction
would be an unambiguous sign of new physics. Here, the symbol q denotes either an up or
charm quark.

In many scenarios of physics beyond the SM, the t ! Hq branching fractions are enhanced
by many orders of magnitude beyond the SM values. Notable beyond-the-SM models lead-
ing to enhanced FCNC interactions include those of warped extra dimensions [8], composite
Higgs boson models [9], two-Higgs doublet models (2HDM) [10–13], including supersymmet-
ric models with R-parity violation [14], and quark-singlet models [15]. While these scenarios
lead to sizable FCNC interactions for a variety of neutral mediators other than the Higgs bo-
son, including the Z boson, photon, and gluon, some of the most significant enhancements are
found for t ! Hq interactions. The t ! Hc interaction in particular can be enhanced in 2HDM
models [16], including scenarios of flavor-violating Yukawa couplings [17] or 2HDM for the
top quark [18–20].

Recent searches for FCNC interactions of the top quark and Higgs boson were performed by
the ATLAS [7, 21, 22] and CMS [23] Collaborations, with Ref. [7] providing the strictest ex-
perimental upper limits on the t ! Hu and t ! Hc branching fractions at 0.12 and 0.11%,
respectively. This Letter reports improved upper limits on these two branching fractions, ex-
ploiting both the associated production of a single top quark with a Higgs boson via an up or
charm quark (ST production mode) and the decay of a top quark to a Higgs boson and an up
or charm quark in tt production (TT production mode), as shown in Fig. 1, where the H ! gg
decay is considered.

t
H

u (c)

t̅

γ

γ

g

g
t

Hu (c) γ

γ

g

Figure 1: Representative Feynman diagrams for the production modes considered: FCNC as-
sociated production of a single top quark with a Higgs boson (ST, left), and tt production with
the FCNC decay of the top quark to a Higgs boson and an up or charm quark (TT, right). The
Higgs boson decay to two photons is considered. The FCNC vertex in each process is denoted
with a red circle.

The results are based on the analysis of proton-proton (pp) collisions at a center-of-mass energy
of 13 TeV, targeting the H ! gg decay mode. The data were collected with the CMS detector at
the LHC between 2016–2018, and correspond to an integrated luminosity of 137 fb�1. Tabulated
results are provided in the HEPData record for this analysis [24].

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
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Figure 2. The Feynman diagrams representing top + ALP production at the LHC.

to the resemblance between a light quark jet and a b-jet, however, FCNC top coupling
searches are usually focused on exotic top quark productions,1 in the form of a single top
plus X searches. In the following, we will narrow our attention to top + jets and single top
production to find the current bounds. That is because if the ALP decays at the scale of
the detector length, then the final state becomes top + jets, while if the ALP leaves the
detector before decaying, then the signature becomes a single top.

3.2 Recast of searches for exotic top decays
One of the dominant processes at the LHC involving the charming ALP is its production
in association with a single top. The main diagrams for top + ALP production are shown
in figure 2. Knowing that for the mass range of our interest the ALP mainly decays
hadronically, top + jets searches can impose some constraints on ALP couplings. The
CMS experiment has conducted a search in the top+jet channel probing the anomalous
tqg coupling [65]. Specifically, they looked for a leptonic top in association with one or
two jets, where at least one of them fails the b-tagging secondary vertex algorithm. This
algorithm selects jets with 0.01 cm < r < 2.5 cm, where r is the radial distance between
the secondary vertex and the primary vertex [72]. Since in this search, they want a jet
that fails the b-tagging algorithm, and gluon and light quark jets tend to have prompt
vertices, it is clear that r < 0.01 cm is considered in their search. However, it is unclear
whether r > 2.5 cm is considered in their search. To stay conservative, we will assume
that jets with 2.5 cm < r < 2m are not rejected,2 and we recast the results accordingly.
Given that the upper limit on the cross section of new physics contributing to pp → t+ j is
σtj ≃ 0.29 pb at √

s = 13TeV [73], an upper limit on (cuR)3q /fa with q = u, c can be found
using MadGraph5 [74]. Then, using eq. (2.3), this can be converted into an upper limit on
Br(t → aq). In deriving this limit, we have to take into account the probability that the
ALP decays such that it is (most likely) accepted by the search. For prompt decays with
r < 0.01, the efficiency factor is

∫ 10−4 m

0
(γcτALP)−1e

− ct
γcτALP d(ct) , (3.1)

where γ = pT /ma is the boost factor along the transverse direction. The MC generated
events were weighted according to the boost factor. Similarly, for ALPs that decay in the

1In cases where exotic top decays have been studied, the properties of X (mass, decay products, etc)
are used to tease out the signal [56–58, 61–63].

2If the ALP has not decayed by the hadronic calorimeter (r ≃ 2m), it cannot be detected as a normal jet.
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where one typically assumes that fa < Λ. At the end of the day, such term in the Lagrangian
will generate interactions like (2.4)

− ia

fa
q̄LiH̃uRjn

u
j = − ia

fa
q̄LiH̃uRj(Yu)ijnu

j , (B.3)

where Yu is the effective up Yukawa matrix,

(Yu)ij = (yu)ij
(
fa
Λ

)nu
j

. (B.4)

If we assume that (yu)ij = O(1) and take fa/Λ = ϵ ∼ mc/mt, we can get the correct up
quark masses by choosing nu = (2, 1, 0) since

(mu,mc,mt) ∼
1√
2
v (ϵ2, ϵ, 1) (B.5)

and
mu

mt
∼ ϵ2, mc

mt
∼ ϵ. (B.6)

In this case, we can diagonalize Yu by making

uR → Uu
RuR, uL → Uu

LuL, (B.7)

with

Uu
R ∼

⎛

⎜⎝
1 ϵ ϵ2

ϵ 1 ϵ

ϵ2 ϵ 1

⎞

⎟⎠ , (Uu
L)ij ∼ O(1). (B.8)

This leads, after going to the basis where Yu is diagonal to

cuR ∼

⎛

⎜⎝
2 3ϵ 3ϵ2
3ϵ 1 ϵ

3ϵ2 ϵ ϵ2

⎞

⎟⎠ . (B.9)

C ALP couplings to nucleons

The leading order ALP couplings with nucleons can be read from the following La-
grangian [34, 124–126]

Lint=
(
∂µa

4fa

){
Tr((ĉ+κqcg)λa)

(
F Tr

(
B̄γµγ5 [λa,B]

)
+DTr

(
B̄ γµγ5 {λa,B}

))

+1
3Tr(ĉ+κqcg) STr

(
B̄ γµγ5B

)
+Tr((ĉ+κqcg)λa)Tr

(
B̄ γµ [λa,B]

)}
(C.1)

where B is the baryon matrix

B = 1√
2
Baλa =

⎛

⎜⎜⎝

Σ0
√
2 + Λ√

6 Σ+ p

Σ− −Σ0
√
2 + Λ√

6 n

Ξ− Ξ0 − 2Λ√
6

⎞

⎟⎟⎠ , (C.2)

– 26 –

J
H
E
P
0
8
(
2
0
2
1
)
1
2
1

flavoured portal imprints the Standard Model (SM) flavour structure on the dark sector,
leading to a variety of new phenomena [5, 6].

So far only couplings to down-type quarks were considered in this context, therefore it
is natural to ask what new aspects arise if the portal couples to up-type quarks instead.1
The key feature in this case is the emergence of a light pseudo Nambu-Goldstone boson
(pNGB) which dominantly couples to up-type quarks, which we therefore dub a charming
ALP, and which describes the phenomenology of the up-flavoured portal at low energies.

Our main goal in this work is to develop the effective theory of the charming ALP and
its phenomenological profile, independently of its embedding in different UV scenarios.
Besides QCD-like dark sectors [5, 10–12, 12, 13], these particles can arise e.g. in specific
Froggatt-Nielsen (FN) models [14] where only right-handed (RH) up-quarks have non-zero
charges. The different UV completions provide some guidance for the structure of the
effective couplings, which we use to define benchmark scenarios for the charming ALP.

We will study the phenomenology of these different benchmark models through their
low-energy effective field theory (EFT), taking into account the effects of QCD confinement
for low enough ALP masses. A lot of work has been done in this arena, see e.g [15–21] for
the study of ALP collider signatures, [22–24] and [25–27] for the study of flavour-changing
neutral currents (FCNCs) in the quark and lepton sector, respectively, as well as [28–31]
for the calculation of the one-loop running. It is worth to mention also [32, 33] regarding
CP-violating probes of ALPs.

The work is organized as follows: we introduce the effective Lagrangian describing
the charming ALPs and motivate briefly the four particular benchmarks models studied in
this work in section 2. In section 3 we examine the different flavour constraints relevant
for charming ALPs. More specifically, we consider D − D̄ mixing, exotic decays of D,
B and K mesons as well as the decay J/ψ → aγ. We discuss the bounds arising from
astrophysical observables and cosmology in section 4, describing also the different ALP
decay channels. In section 5 we study the different collider probes on the models at hand,
including upcoming fix-target experiments as well as those at LHC forward detectors. We
combine all these different bounds and discuss the resulting constraints on the parameter
space of the models in section 6. We conclude in section 7. Finally, we present in some
detail the particular UV completions considered in this work in appendices A and B.

2 Charming ALP EFT

We consider a general ALP, i.e. a pNGB which we will denote a, with flavour-violating
couplings to RH up-quarks. The most general EFT describing such a system is given by
the following Lagrangian [34, 35]

L = 1
2(∂µa)(∂

µa)− m2
a

2 a2 + ∂µa

fa

[
(cuR)ij ūRiγ

µuRj + cHH†i
←→
DµH

]

− a

fa

[

cg
g23

32π2G
a
µνG̃

µνa + cW
g22

32π2W
I
µνW̃

µνI + cB
g21

32π2BµνB̃
µν

]

, (2.1)

1Simple DM models which dominantly couple to up-type quarks were also studied e.g. in [7–9].
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Figure 1. Left: ALP decay branching ratios as a function of the ALP mass ma for fa = 106 GeV.
The dashed lines show the contributions to the hadronic channel. Right: lifetime of the ALP as a
function of the ALP mass. The blue, orange and green lines show Br(t → aq) = 10−1, 10−4 and
10−8, respectively. Solid, dashed and dotted lines refer to (cuR)ii/(cuR)3q = 1, 0.1 and 10.

seen in figure 1, where we plot the different ALP branching ratios as a function of the ALP
mass ma for (cuR)12 = 0 = (cuR)21 and (cuR)ij = 1 otherwise, as well as fa = 106GeV.
Loop-generated decays like a → µ+µ−, a → gg or a → γγ have been computed using
the expressions present in ref. [40] and we have used the quark-hadron duality [42, 43] to
compute the inclusive hadronic decay rate. When a → c̄c is not kinematically allowed,
a → gg tends to dominate the ALP branching ratio. This channel also dominates for large
enough values of the ALP mass, since the loop generated vector boson decays grow as m3

a

while the fermionic decay widths are linear in the ALP mass.
One should note that the RGE-induced decays into two fermions are logarithmically

sensitive to the scale of the matching Λ ∼ fa, so smaller values of fa will reduce their
relative impact. Small enough values of (cuR)12 and (cuR)21 are required in order to evade
constraints from D̄0 − D0 mixing. For values of ma below 1GeV, one would need to use
chiral perturbation theory instead of perturbative QCD but we focus here on the case
ma ! 1GeV that is much less constrained by current searches (see results of ref. [40]).

Light particles that mainly decay to hadrons are difficult to find at hadron colliders
such as the LHC, due to the large amount of hadronic background events. Two features
of our scenario will make such a search possible however, namely the presence of flavour
violating decays in the up-quark sector and the possibly long lifetime of the ALP. Since
neutral meson mixing requires (cuR)12 and (cuR)21 to be extraordinarily small, a novel and
interesting way of searching for ALPs at colliders is to concentrate on flavour-violating top
decays involving long-lived ALPs. As can be seen from the right panel of figure 1, the
ALPs decay length can easily reach the typical length scales of LHC detectors for masses
in the 1GeV–10GeV range. To simplify the parameter space, the couplings are chosen as
(cuR)ii ≡ (cuR)11 = (cuR)22 = (cuR)33 and (cuR)3q ≡ (cuR)13 = (cuR)23 = (cuR)31 = (cuR)32.
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seen in figure 1, where we plot the different ALP branching ratios as a function of the ALP
mass ma for (cuR)12 = 0 = (cuR)21 and (cuR)ij = 1 otherwise, as well as fa = 106GeV.
Loop-generated decays like a → µ+µ−, a → gg or a → γγ have been computed using
the expressions present in ref. [40] and we have used the quark-hadron duality [42, 43] to
compute the inclusive hadronic decay rate. When a → c̄c is not kinematically allowed,
a → gg tends to dominate the ALP branching ratio. This channel also dominates for large
enough values of the ALP mass, since the loop generated vector boson decays grow as m3
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while the fermionic decay widths are linear in the ALP mass.
One should note that the RGE-induced decays into two fermions are logarithmically

sensitive to the scale of the matching Λ ∼ fa, so smaller values of fa will reduce their
relative impact. Small enough values of (cuR)12 and (cuR)21 are required in order to evade
constraints from D̄0 − D0 mixing. For values of ma below 1GeV, one would need to use
chiral perturbation theory instead of perturbative QCD but we focus here on the case
ma ! 1GeV that is much less constrained by current searches (see results of ref. [40]).

Light particles that mainly decay to hadrons are difficult to find at hadron colliders
such as the LHC, due to the large amount of hadronic background events. Two features
of our scenario will make such a search possible however, namely the presence of flavour
violating decays in the up-quark sector and the possibly long lifetime of the ALP. Since
neutral meson mixing requires (cuR)12 and (cuR)21 to be extraordinarily small, a novel and
interesting way of searching for ALPs at colliders is to concentrate on flavour-violating top
decays involving long-lived ALPs. As can be seen from the right panel of figure 1, the
ALPs decay length can easily reach the typical length scales of LHC detectors for masses
in the 1GeV–10GeV range. To simplify the parameter space, the couplings are chosen as
(cuR)ii ≡ (cuR)11 = (cuR)22 = (cuR)33 and (cuR)3q ≡ (cuR)13 = (cuR)23 = (cuR)31 = (cuR)32.
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ma = 2 GeV
<latexit sha1_base64="rEQCL8NfZAhsQ1OHu6JHSKCFZ+I=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAbBU5iJgl6EgAc9RjALZELo6VSSJj0L3TViHIK/4sWDIl79D2/+jZ1kDpr4oODxXhVV9fxYCo2O823llpZXVtfy64WNza3tHXt3r66jRHGo8UhGqukzDVKEUEOBEpqxAhb4Ehr+8GriN+5BaRGFdziKoR2wfih6gjM0Usc+CDqMXtIy9aiH8IDpNdTHHbvolJwp6CJxM1IkGaod+8vrRjwJIEQumdYt14mxnTKFgksYF7xEQ8z4kPWhZWjIAtDtdHr9mB4bpUt7kTIVIp2qvydSFmg9CnzTGTAc6HlvIv7ntRLsXbRTEcYJQshni3qJpBjRSRS0KxRwlCNDGFfC3Er5gCnG0QRWMCG48y8vknq55J6WyrdnxUopiyNPDskROSEuOScVckOqpEY4eSTP5JW8WU/Wi/Vufcxac1Y2s0/+wPr8AZIfk/Y=</latexit>
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<latexit sha1_base64="UK3wyWgJtSoVHfWTDM+d6OWQ+0c=">AAACCXicbVC7SgNBFJ2Nrxhfq5Y2g0GwMewmEW2EgI2FRQTzgOwaZiezyZDZBzN3xbBsa+Ov2FgoYusf2Pk3Th6FJh64cDjnXu69x4sFV2BZ30ZuaXlldS2/XtjY3NreMXf3mipKJGUNGolItj2imOAhawAHwdqxZCTwBGt5w8ux37pnUvEovIVRzNyA9EPuc0pAS10TOwGBASUivc7wBa6cWtgB9gCp72V36Ymddc2iVbImwIvEnpEimqHeNb+cXkSTgIVABVGqY1sxuCmRwKlgWcFJFIsJHZI+62gakoApN518kuEjrfSwH0ldIeCJ+nsiJYFSo8DTneO71bw3Fv/zOgn4527KwzgBFtLpIj8RGCI8jgX3uGQUxEgTQiXXt2I6IJJQ0OEVdAj2/MuLpFku2ZVS+aZarFVnceTRATpEx8hGZ6iGrlAdNRBFj+gZvaI348l4Md6Nj2lrzpjN7KM/MD5/AOVtmSU=</latexit>
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<latexit sha1_base64="MW1pk0OBmm+AusSFMzGTNWpG3dk=">AAACA3icdVBNS8NAEN34WetX1ZteFougl5Kkweqt4MWjglWhKWWz2bRLN5uwOxFLKHjxr3jxoIhX/4Q3/42btoKKPhh4vDfDzLwgFVyDbX9YM7Nz8wuLpaXy8srq2nplY/NSJ5mirEUTkajrgGgmuGQt4CDYdaoYiQPBroLBSeFf3TCleSIvYJiyTkx6kkecEjBSt7LtA7uF/JSEKpEj7ON9F/ua92Jy0K1U7drx0aHrHWK7ZtsNx3UK4ja8uocdoxSooinOupV3P0xoFjMJVBCt246dQicnCjgVbFT2M81SQgekx9qGShIz3cnHP4zwnlFCHCXKlAQ8Vr9P5CTWehgHpjMm0Ne/vUL8y2tnEB11ci7TDJikk0VRJjAkuAgEh1wxCmJoCKGKm1sx7RNFKJjYyiaEr0/x/+TSrTn1mnvuVZveNI4S2kG7aB85qIGa6BSdoRai6A49oCf0bN1bj9aL9TppnbGmM1voB6y3T/Rqlwg=</latexit>
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<latexit sha1_base64="JXtybJa+AjqwcakH9NBfof+HjIs=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF+wFtKJPttl26uwm7G6GE/gUvHhTx6h/y5r8xSXPQ1gcDj/dmmJkXRIIb67rfzsbm1vbObmmvvH9weHRcOTntmDDWlLVpKELdC9AwwRVrW24F60WaoQwE6wazu8zvPjFteKge7TxivsSJ4mNO0eZSjOVhperW3BxknXgFqUKB1rDyNRiFNJZMWSrQmL7nRtZPUFtOBVuUB7FhEdIZTlg/pQolM36S37ogl6kyIuNQp6UsydXfEwlKY+YySDsl2qlZ9TLxP68f2/Gtn3AVxZYpulw0jgWxIckeJyOuGbVinhKkmqe3EjpFjdSm8WQheKsvr5NOveZd1+oPjWqzUcRRgnO4gCvw4AaacA8taAOFKTzDK7w50nlx3p2PZeuGU8ycwR84nz+iOI3s</latexit>
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<latexit sha1_base64="JXtybJa+AjqwcakH9NBfof+HjIs=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF+wFtKJPttl26uwm7G6GE/gUvHhTx6h/y5r8xSXPQ1gcDj/dmmJkXRIIb67rfzsbm1vbObmmvvH9weHRcOTntmDDWlLVpKELdC9AwwRVrW24F60WaoQwE6wazu8zvPjFteKge7TxivsSJ4mNO0eZSjOVhperW3BxknXgFqUKB1rDyNRiFNJZMWSrQmL7nRtZPUFtOBVuUB7FhEdIZTlg/pQolM36S37ogl6kyIuNQp6UsydXfEwlKY+YySDsl2qlZ9TLxP68f2/Gtn3AVxZYpulw0jgWxIckeJyOuGbVinhKkmqe3EjpFjdSm8WQheKsvr5NOveZd1+oPjWqzUcRRgnO4gCvw4AaacA8taAOFKTzDK7w50nlx3p2PZeuGU8ycwR84nz+iOI3s</latexit>
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<latexit sha1_base64="9rQ1hb2O/5VpDj0uSlQJHO3gY4I=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF+wFtKJPttl26uwm7G6GE/gUvHhTx6h/y5r8xSXPQ1gcDj/dmmJkXRIIb67rfzsbm1vbObmmvvH9weHRcOTntmDDWlLVpKELdC9AwwRVrW24F60WaoQwE6wazu8zvPjFteKge7TxivsSJ4mNO0eYSxfKwUnVrbg6yTryCVKFAa1j5GoxCGkumLBVoTN9zI+snqC2ngi3Kg9iwCOkMJ6yfUoWSGT/Jb12Qy1QZkXGo01KW5OrviQSlMXMZpJ0S7dSsepn4n9eP7fjWT7iKYssUXS4ax4LYkGSPkxHXjFoxTwlSzdNbCZ2iRmrTeLIQvNWX10mnXvOua/WHRrXZKOIowTlcwBV4cANNuIcWtIHCFJ7hFd4c6bw4787HsnXDKWbO4A+czx+GzI3a</latexit>
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a

<latexit sha1_base64="9rQ1hb2O/5VpDj0uSlQJHO3gY4I=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF+wFtKJPttl26uwm7G6GE/gUvHhTx6h/y5r8xSXPQ1gcDj/dmmJkXRIIb67rfzsbm1vbObmmvvH9weHRcOTntmDDWlLVpKELdC9AwwRVrW24F60WaoQwE6wazu8zvPjFteKge7TxivsSJ4mNO0eYSxfKwUnVrbg6yTryCVKFAa1j5GoxCGkumLBVoTN9zI+snqC2ngi3Kg9iwCOkMJ6yfUoWSGT/Jb12Qy1QZkXGo01KW5OrviQSlMXMZpJ0S7dSsepn4n9eP7fjWT7iKYssUXS4ax4LYkGSPkxHXjFoxTwlSzdNbCZ2iRmrTeLIQvNWX10mnXvOua/WHRrXZKOIowTlcwBV4cANNuIcWtIHCFJ7hFd4c6bw4787HsnXDKWbO4A+czx+GzI3a</latexit>pp
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<latexit sha1_base64="MoebJ3daadQTFHUEUAAmP8BJZcE=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXJdN3dwU3LivYh7RDyaSZNjbJDElGKEO/wo0LRdz6Oe78GzNtBRU9EDiccy+55/gRZ9og9OGsrW9sbm1ndrK7e/sHh7mj444OY0Vom4Q8VD0fa8qZpG3DDKe9SFEsfE67/vQy9bv3VGkWyhszi6gn8FiygBFsrHQbRXBgQmjuhrk8KqBqpVFCEBUqyK01GpYgVK2XitC1JEUerNAa5t4Ho5DEgkpDONa676LIeAlWhhFO59lBrGmEyRSPad9SiQXVXrI4eA7PrTKCQajskwYu1O8bCRZaz4RvJwU2E/3bS8W/vH5sgrqXMBnFhkqy/CiIOUwz2vRwxBQlhs8swUQxeyskE6wwMbajrC3hKyn8n3SKBbdUKF6X883yqo4MOAVn4AK4oAaa4Aq0QBsQIMADeALPjnIenRfndTm65qx2TsAPOG+ftCyQUA==</latexit>

Br(t → aq)
<latexit sha1_base64="F4qbAnTX+2z0gYEvSKhdAnGzM+k=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRahXkpSC3osevFYwX5AE8pmu2mXbjZxdyItIX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zM82POFNj2t1HY2Nza3inulvb2Dw6PzONyR0WJJLRNIh7Jno8V5UzQNjDgtBdLikOf064/uZ373ScqFYvEA8xi6oV4JFjACAYtDcyyC3QK6Y3MquBCZOHHi4FZsWv2AtY6cXJSQTlaA/PLHUYkCakAwrFSfceOwUuxBEY4zUpuomiMyQSPaF9TgUOqvHRxe2ada2VoBZHUJcBaqL8nUhwqNQt93RliGKtVby7+5/UTCK69lIk4ASrIclGQcEs/OQ/CGjJJCfCZJphIpm+1yBhLTEDHVdIhOKsvr5NOveZc1ur3jUqzkcdRRKfoDFWRg65QE92hFmojgqboGb2iNyMzXox342PZWjDymRP0B8bnD5dblBg=</latexit>
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<latexit sha1_base64="7n/fsHOO7MTng2j7/i4yEVLXXuw=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyWpBV1W3LhwUcE+oAlhMp20QycPZm7EEgL+ihsXirj1O9z5N07bLLT1wIXDOfdy7z1+IrgCy/o2Siura+sb5c3K1vbO7p65f9BRcSopa9NYxLLnE8UEj1gbOAjWSyQjoS9Y1x9fT/3uA5OKx9E9TBLmhmQY8YBTAlryzCPqAEm9zAH2CNnVbSvP+6HrmVWrZs2Al4ldkCoq0PLML2cQ0zRkEVBBlOrbVgJuRiRwKlhecVLFEkLHZMj6mkYkZMrNZufn+FQrAxzEUlcEeKb+nshIqNQk9HVnSGCkFr2p+J/XTyG4dDMeJSmwiM4XBanAEONpFnjAJaMgJpoQKrm+FdMRkYSCTqyiQ7AXX14mnXrNPq/V7xrVZqOIo4yO0Qk6Qza6QE10g1qojSjK0DN6RW/Gk/FivBsf89aSUcwcoj8wPn8AugiV7g==</latexit>
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<latexit sha1_base64="15EM9kVW0/7hXHa0Gu6A2VKGNIU=">AAACDHicbVC7SgNBFJ31GeMrammzGAQbw24MaBmw0DKCeUCyhtnJ3WTI7IOZu2IY9gNs/BUbC0Vs/QA7/8bJo9DEAwOHc87lzj1+IrhCx/m2lpZXVtfWcxv5za3tnd3C3n5DxalkUGexiGXLpwoEj6COHAW0Egk09AU0/eHl2G/eg1Q8jm5xlIAX0n7EA84oGqlbKHYCSZlmXc15lumgS7N2B+EB9RU0sjt96maeSTklZwJ7kbgzUiQz1LqFr04vZmkIETJBlWq7ToKephI5E5DlO6mChLIh7UPb0IiGoDw9OSazj43Ss4NYmhehPVF/T2gaKjUKfZMMKQ7UvDcW//PaKQYXnuZRkiJEbLooSIWNsT1uxu5xCQzFyBDKJDd/tdmAmnbQ9Jc3JbjzJy+SRrnknpXKN5VitTKrI0cOyRE5IS45J1VyTWqkThh5JM/klbxZT9aL9W59TKNL1mzmgPyB9fkD9G2cIA==</latexit>
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<latexit sha1_base64="C3dDww4Lv6zx8nUFQiGNEUcHFjU=">AAACDHicbVDLSsNAFJ34tr6qLt0Ei+DGkqigS8GFLhVsLaQxTKY37dDJw5kbsQz5ADf+ihsXirj1A9z5N05rFtp6YOBwzrncuSfMBFfoOF/W1PTM7Nz8wmJlaXllda26vtFUaS4ZNFgqUtkKqQLBE2ggRwGtTAKNQwHXYf906F/fgVQ8Ta5wkIEf027CI84oGimo1tqRpEyzQONtUegooIXXRrhHfQbN4kbvuYVvUk7dGcGeJG5JaqTERVD9bHdSlseQIBNUKc91MvQ1lciZgKLSzhVklPVpFzxDExqD8vXomMLeMUrHjlJpXoL2SP09oWms1CAOTTKm2FPj3lD8z/NyjI59zZMsR0jYz6IoFzam9rAZu8MlMBQDQyiT3PzVZj1q2kHTX8WU4I6fPEma+3X3oL5/eVg7OSzrWCBbZJvsEpcckRNyTi5IgzDyQJ7IC3m1Hq1n6816/4lOWeXMJvkD6+MbExucMw==</latexit>
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<latexit sha1_base64="MW1pk0OBmm+AusSFMzGTNWpG3dk=">AAACA3icdVBNS8NAEN34WetX1ZteFougl5Kkweqt4MWjglWhKWWz2bRLN5uwOxFLKHjxr3jxoIhX/4Q3/42btoKKPhh4vDfDzLwgFVyDbX9YM7Nz8wuLpaXy8srq2nplY/NSJ5mirEUTkajrgGgmuGQt4CDYdaoYiQPBroLBSeFf3TCleSIvYJiyTkx6kkecEjBSt7LtA7uF/JSEKpEj7ON9F/ua92Jy0K1U7drx0aHrHWK7ZtsNx3UK4ja8uocdoxSooinOupV3P0xoFjMJVBCt246dQicnCjgVbFT2M81SQgekx9qGShIz3cnHP4zwnlFCHCXKlAQ8Vr9P5CTWehgHpjMm0Ne/vUL8y2tnEB11ci7TDJikk0VRJjAkuAgEh1wxCmJoCKGKm1sx7RNFKJjYyiaEr0/x/+TSrTn1mnvuVZveNI4S2kG7aB85qIGa6BSdoRai6A49oCf0bN1bj9aL9TppnbGmM1voB6y3T/Rqlwg=</latexit>
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<latexit sha1_base64="JXtybJa+AjqwcakH9NBfof+HjIs=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF+wFtKJPttl26uwm7G6GE/gUvHhTx6h/y5r8xSXPQ1gcDj/dmmJkXRIIb67rfzsbm1vbObmmvvH9weHRcOTntmDDWlLVpKELdC9AwwRVrW24F60WaoQwE6wazu8zvPjFteKge7TxivsSJ4mNO0eZSjOVhperW3BxknXgFqUKB1rDyNRiFNJZMWSrQmL7nRtZPUFtOBVuUB7FhEdIZTlg/pQolM36S37ogl6kyIuNQp6UsydXfEwlKY+YySDsl2qlZ9TLxP68f2/Gtn3AVxZYpulw0jgWxIckeJyOuGbVinhKkmqe3EjpFjdSm8WQheKsvr5NOveZd1+oPjWqzUcRRgnO4gCvw4AaacA8taAOFKTzDK7w50nlx3p2PZeuGU8ycwR84nz+iOI3s</latexit>
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<latexit sha1_base64="JXtybJa+AjqwcakH9NBfof+HjIs=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF+wFtKJPttl26uwm7G6GE/gUvHhTx6h/y5r8xSXPQ1gcDj/dmmJkXRIIb67rfzsbm1vbObmmvvH9weHRcOTntmDDWlLVpKELdC9AwwRVrW24F60WaoQwE6wazu8zvPjFteKge7TxivsSJ4mNO0eZSjOVhperW3BxknXgFqUKB1rDyNRiFNJZMWSrQmL7nRtZPUFtOBVuUB7FhEdIZTlg/pQolM36S37ogl6kyIuNQp6UsydXfEwlKY+YySDsl2qlZ9TLxP68f2/Gtn3AVxZYpulw0jgWxIckeJyOuGbVinhKkmqe3EjpFjdSm8WQheKsvr5NOveZd1+oPjWqzUcRRgnO4gCvw4AaacA8taAOFKTzDK7w50nlx3p2PZeuGU8ycwR84nz+iOI3s</latexit>
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<latexit sha1_base64="9rQ1hb2O/5VpDj0uSlQJHO3gY4I=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF+wFtKJPttl26uwm7G6GE/gUvHhTx6h/y5r8xSXPQ1gcDj/dmmJkXRIIb67rfzsbm1vbObmmvvH9weHRcOTntmDDWlLVpKELdC9AwwRVrW24F60WaoQwE6wazu8zvPjFteKge7TxivsSJ4mNO0eYSxfKwUnVrbg6yTryCVKFAa1j5GoxCGkumLBVoTN9zI+snqC2ngi3Kg9iwCOkMJ6yfUoWSGT/Jb12Qy1QZkXGo01KW5OrviQSlMXMZpJ0S7dSsepn4n9eP7fjWT7iKYssUXS4ax4LYkGSPkxHXjFoxTwlSzdNbCZ2iRmrTeLIQvNWX10mnXvOua/WHRrXZKOIowTlcwBV4cANNuIcWtIHCFJ7hFd4c6bw4787HsnXDKWbO4A+czx+GzI3a</latexit>
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pp
→

tj
<latexit sha1_base64="MoebJ3daadQTFHUEUAAmP8BJZcE=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXJdN3dwU3LivYh7RDyaSZNjbJDElGKEO/wo0LRdz6Oe78GzNtBRU9EDiccy+55/gRZ9og9OGsrW9sbm1ndrK7e/sHh7mj444OY0Vom4Q8VD0fa8qZpG3DDKe9SFEsfE67/vQy9bv3VGkWyhszi6gn8FiygBFsrHQbRXBgQmjuhrk8KqBqpVFCEBUqyK01GpYgVK2XitC1JEUerNAa5t4Ho5DEgkpDONa676LIeAlWhhFO59lBrGmEyRSPad9SiQXVXrI4eA7PrTKCQajskwYu1O8bCRZaz4RvJwU2E/3bS8W/vH5sgrqXMBnFhkqy/CiIOUwz2vRwxBQlhs8swUQxeyskE6wwMbajrC3hKyn8n3SKBbdUKF6X883yqo4MOAVn4AK4oAaa4Aq0QBsQIMADeALPjnIenRfndTm65qx2TsAPOG+ftCyQUA==</latexit>

L = 350fb−1
<latexit sha1_base64="UK3wyWgJtSoVHfWTDM+d6OWQ+0c=">AAACCXicbVC7SgNBFJ2Nrxhfq5Y2g0GwMewmEW2EgI2FRQTzgOwaZiezyZDZBzN3xbBsa+Ov2FgoYusf2Pk3Th6FJh64cDjnXu69x4sFV2BZ30ZuaXlldS2/XtjY3NreMXf3mipKJGUNGolItj2imOAhawAHwdqxZCTwBGt5w8ux37pnUvEovIVRzNyA9EPuc0pAS10TOwGBASUivc7wBa6cWtgB9gCp72V36Ymddc2iVbImwIvEnpEimqHeNb+cXkSTgIVABVGqY1sxuCmRwKlgWcFJFIsJHZI+62gakoApN518kuEjrfSwH0ldIeCJ+nsiJYFSo8DTneO71bw3Fv/zOgn4527KwzgBFtLpIj8RGCI8jgX3uGQUxEgTQiXXt2I6IJJQ0OEVdAj2/MuLpFku2ZVS+aZarFVnceTRATpEx8hGZ6iGrlAdNRBFj+gZvaI348l4Md6Nj2lrzpjN7KM/MD5/AOVtmSU=</latexit>
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<latexit sha1_base64="sVDvLJ93H1Nk6di7+tgiJtNzYLI="></latexit>
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<latexit sha1_base64="UpkE4nvLXf0goytyqLc63osujOE="></latexit>

ma = 10 GeV
<latexit sha1_base64="p61g/pyuyhOeWxz+XKcTGv2ve4c=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQPIXdGNCLEPCgxwjmAdkQZiedZMjsg5leMSwBf8WLB0W8+h3e/BsnyR40saChqOqmu8uPpdDoON9WbmV1bX0jv1nY2t7Z3bP3Dxo6ShSHOo9kpFo+0yBFCHUUKKEVK2CBL6Hpj66nfvMBlBZReI/jGDoBG4SiLzhDI3Xto6DL6BV1HepRD+ER0xtoTLp20Sk5M9Bl4makSDLUuvaX14t4EkCIXDKt264TYydlCgWXMCl4iYaY8REbQNvQkAWgO+ns/Ak9NUqP9iNlKkQ6U39PpCzQehz4pjNgONSL3lT8z2sn2L/spCKME4SQzxf1E0kxotMsaE8o4CjHhjCuhLmV8iFTjKNJrGBCcBdfXiaNcsk9L5XvKsVqJYsjT47JCTkjLrkgVXJLaqROOEnJM3klb9aT9WK9Wx/z1pyVzRySP7A+fwAEn5Q1</latexit>

Br(t → aq)
<latexit sha1_base64="F4qbAnTX+2z0gYEvSKhdAnGzM+k=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRahXkpSC3osevFYwX5AE8pmu2mXbjZxdyItIX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zM82POFNj2t1HY2Nza3inulvb2Dw6PzONyR0WJJLRNIh7Jno8V5UzQNjDgtBdLikOf064/uZ373ScqFYvEA8xi6oV4JFjACAYtDcyyC3QK6Y3MquBCZOHHi4FZsWv2AtY6cXJSQTlaA/PLHUYkCakAwrFSfceOwUuxBEY4zUpuomiMyQSPaF9TgUOqvHRxe2ada2VoBZHUJcBaqL8nUhwqNQt93RliGKtVby7+5/UTCK69lIk4ASrIclGQcEs/OQ/CGjJJCfCZJphIpm+1yBhLTEDHVdIhOKsvr5NOveZc1ur3jUqzkcdRRKfoDFWRg65QE92hFmojgqboGb2iNyMzXox342PZWjDymRP0B8bnD5dblBg=</latexit>
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<latexit sha1_base64="7n/fsHOO7MTng2j7/i4yEVLXXuw=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyWpBV1W3LhwUcE+oAlhMp20QycPZm7EEgL+ihsXirj1O9z5N07bLLT1wIXDOfdy7z1+IrgCy/o2Siura+sb5c3K1vbO7p65f9BRcSopa9NYxLLnE8UEj1gbOAjWSyQjoS9Y1x9fT/3uA5OKx9E9TBLmhmQY8YBTAlryzCPqAEm9zAH2CNnVbSvP+6HrmVWrZs2Al4ldkCoq0PLML2cQ0zRkEVBBlOrbVgJuRiRwKlhecVLFEkLHZMj6mkYkZMrNZufn+FQrAxzEUlcEeKb+nshIqNQk9HVnSGCkFr2p+J/XTyG4dDMeJSmwiM4XBanAEONpFnjAJaMgJpoQKrm+FdMRkYSCTqyiQ7AXX14mnXrNPq/V7xrVZqOIo4yO0Qk6Qza6QE10g1qojSjK0DN6RW/Gk/FivBsf89aSUcwcoj8wPn8AugiV7g==</latexit>
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<latexit sha1_base64="R3yp3Xah6Op5fqY3GhoiazlIUuo="></latexit>

pp
→

tj
<latexit sha1_base64="MoebJ3daadQTFHUEUAAmP8BJZcE=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXJdN3dwU3LivYh7RDyaSZNjbJDElGKEO/wo0LRdz6Oe78GzNtBRU9EDiccy+55/gRZ9og9OGsrW9sbm1ndrK7e/sHh7mj444OY0Vom4Q8VD0fa8qZpG3DDKe9SFEsfE67/vQy9bv3VGkWyhszi6gn8FiygBFsrHQbRXBgQmjuhrk8KqBqpVFCEBUqyK01GpYgVK2XitC1JEUerNAa5t4Ho5DEgkpDONa676LIeAlWhhFO59lBrGmEyRSPad9SiQXVXrI4eA7PrTKCQajskwYu1O8bCRZaz4RvJwU2E/3bS8W/vH5sgrqXMBnFhkqy/CiIOUwz2vRwxBQlhs8swUQxeyskE6wwMbajrC3hKyn8n3SKBbdUKF6X883yqo4MOAVn4AK4oAaa4Aq0QBsQIMADeALPjnIenRfndTm65qx2TsAPOG+ftCyQUA==</latexit>

Figure 6. The expected bounds as a function of lifetime (cτALP) and the branching ratio of the
exotic top decay Br(t → aq), for ma = 2GeV (top) and ma = 10GeV (bottom). The red line
labeled with ‘Hadron 2σ’ represents the conservative limit (table 1) where S√

S+B
= 2, assuming

L = 350 fb−1 integrated luminosity. The red (blue) solid line is the potential discovery line where
10 signal events are produced in the hadronic (muon) calorimeter, in case a background free search
can be designed. Finally, the green shaded regions indicate the current bounds on the model. The
dark green lines are derived from the top + jet [65] final state, and the light green lines are from
the single leptonic top search [73, 88]. The dashed lines are for the constraints on the tua coupling,
and the solid ones are that of the tca coupling.
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<latexit sha1_base64="0yrcX2QaA4aEBATAf45qniQJtG0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoOCl4MVjC7YW2lA22027drMJuxOhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8etU2casZbLJax7gTUcCkUb6FAyTuJ5jQKJH8Ixrcz/+GJayNidY+ThPsRHSoRCkbRSk3slytu1Z2DrBIvJxXI0eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a6miETd+Nj90Ss6sMiBhrG0pJHP190RGI2MmUWA7I4ojs+zNxP+8borhtZ8JlaTIFVssClNJMCazr8lAaM5QTiyhTAt7K2EjqilDm03JhuAtv7xK2rWqd1GtNS8r9Zs8jiKcwCmcgwdXUIc7aEALGHB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8Ad9cjPU=</latexit>

<latexit sha1_base64="0yrcX2QaA4aEBATAf45qniQJtG0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoOCl4MVjC7YW2lA22027drMJuxOhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8etU2casZbLJax7gTUcCkUb6FAyTuJ5jQKJH8Ixrcz/+GJayNidY+ThPsRHSoRCkbRSk3slytu1Z2DrBIvJxXI0eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a6miETd+Nj90Ss6sMiBhrG0pJHP190RGI2MmUWA7I4ojs+zNxP+8borhtZ8JlaTIFVssClNJMCazr8lAaM5QTiyhTAt7K2EjqilDm03JhuAtv7xK2rWqd1GtNS8r9Zs8jiKcwCmcgwdXUIc7aEALGHB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8Ad9cjPU=</latexit>

<latexit sha1_base64="0yrcX2QaA4aEBATAf45qniQJtG0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoOCl4MVjC7YW2lA22027drMJuxOhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8etU2casZbLJax7gTUcCkUb6FAyTuJ5jQKJH8Ixrcz/+GJayNidY+ThPsRHSoRCkbRSk3slytu1Z2DrBIvJxXI0eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a6miETd+Nj90Ss6sMiBhrG0pJHP190RGI2MmUWA7I4ojs+zNxP+8borhtZ8JlaTIFVssClNJMCazr8lAaM5QTiyhTAt7K2EjqilDm03JhuAtv7xK2rWqd1GtNS8r9Zs8jiKcwCmcgwdXUIc7aEALGHB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8Ad9cjPU=</latexit>

<latexit sha1_base64="46ThbD2AyCkRmoT2VDZcm2wSvLs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoOCl4MVjC7YW2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgQ/B+HbmPzyh0jyW92aSoB/RoeQhZ9RYqTnslytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzQ+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjMviYDrpAZMbGEMsXtrYSNqKLM2GxKNgRv+eVV0q5VvYtqrXlZqd/kcRThBE7hHDy4gjrcQQNawADhGV7hzXl0Xpx352PRWnDymWP4A+fzB8uojOg=</latexit>

<latexit sha1_base64="46ThbD2AyCkRmoT2VDZcm2wSvLs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoOCl4MVjC7YW2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgQ/B+HbmPzyh0jyW92aSoB/RoeQhZ9RYqTnslytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzQ+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjMviYDrpAZMbGEMsXtrYSNqKLM2GxKNgRv+eVV0q5VvYtqrXlZqd/kcRThBE7hHDy4gjrcQQNawADhGV7hzXl0Xpx352PRWnDymWP4A+fzB8uojOg=</latexit>

<latexit sha1_base64="cWl1nuNVKLuWnG5FfeBtFziLo8Y=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4qkkVFLwUvHisaD+gDWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDv1W09cGxGrRxwn3I/oQIlQMIpWekjPWa9UdivuDGSZeDkpQ456r/TV7ccsjbhCJqkxHc9N0M+oRsEknxS7qeEJZSM64B1LFY248bPZqRNyapU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/9TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0ijYEb/HlZdKsVryLSvX+sly7yeMowDGcwBl4cAU1uIM6NIDBAJ7hFd4c6bw4787HvHXFyWeO4A+czx8JKY2c</latexit>

<latexit sha1_base64="cWl1nuNVKLuWnG5FfeBtFziLo8Y=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4qkkVFLwUvHisaD+gDWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDv1W09cGxGrRxwn3I/oQIlQMIpWekjPWa9UdivuDGSZeDkpQ456r/TV7ccsjbhCJqkxHc9N0M+oRsEknxS7qeEJZSM64B1LFY248bPZqRNyapU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/9TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0ijYEb/HlZdKsVryLSvX+sly7yeMowDGcwBl4cAU1uIM6NIDBAJ7hFd4c6bw4787HvHXFyWeO4A+czx8JKY2c</latexit>

<latexit sha1_base64="cWl1nuNVKLuWnG5FfeBtFziLo8Y=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4qkkVFLwUvHisaD+gDWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDv1W09cGxGrRxwn3I/oQIlQMIpWekjPWa9UdivuDGSZeDkpQ456r/TV7ccsjbhCJqkxHc9N0M+oRsEknxS7qeEJZSM64B1LFY248bPZqRNyapU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/9TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0ijYEb/HlZdKsVryLSvX+sly7yeMowDGcwBl4cAU1uIM6NIDBAJ7hFd4c6bw4787HvHXFyWeO4A+czx8JKY2c</latexit>

<latexit sha1_base64="9rkWau0EY76zleZm3mh2U3qKXRM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoOCl4MVjC7YW2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgQ/B+HbmPzyh0jyW92aSoB/RoeQhZ9RYqUn75Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtGtV76Jaa15W6jd5HEU4gVM4Bw+uoA530IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AcKQjOI=</latexit>

<latexit sha1_base64="9rkWau0EY76zleZm3mh2U3qKXRM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoOCl4MVjC7YW2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgQ/B+HbmPzyh0jyW92aSoB/RoeQhZ9RYqUn75Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtGtV76Jaa15W6jd5HEU4gVM4Bw+uoA530IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AcKQjOI=</latexit>

g
<latexit sha1_base64="46ThbD2AyCkRmoT2VDZcm2wSvLs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoOCl4MVjC7YW2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgQ/B+HbmPzyh0jyW92aSoB/RoeQhZ9RYqTnslytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzQ+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjMviYDrpAZMbGEMsXtrYSNqKLM2GxKNgRv+eVV0q5VvYtqrXlZqd/kcRThBE7hHDy4gjrcQQNawADhGV7hzXl0Xpx352PRWnDymWP4A+fzB8uojOg=</latexit>

g
<latexit sha1_base64="46ThbD2AyCkRmoT2VDZcm2wSvLs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoOCl4MVjC7YW2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgQ/B+HbmPzyh0jyW92aSoB/RoeQhZ9RYqTnslytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzQ+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjMviYDrpAZMbGEMsXtrYSNqKLM2GxKNgRv+eVV0q5VvYtqrXlZqd/kcRThBE7hHDy4gjrcQQNawADhGV7hzXl0Xpx352PRWnDymWP4A+fzB8uojOg=</latexit>

g
<latexit sha1_base64="46ThbD2AyCkRmoT2VDZcm2wSvLs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoOCl4MVjC7YW2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgQ/B+HbmPzyh0jyW92aSoB/RoeQhZ9RYqTnslytu1Z2DrBIvJxXI0eiXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzQ+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjMviYDrpAZMbGEMsXtrYSNqKLM2GxKNgRv+eVV0q5VvYtqrXlZqd/kcRThBE7hHDy4gjrcQQNawADhGV7hzXl0Xpx352PRWnDymWP4A+fzB8uojOg=</latexit>

t
<latexit sha1_base64="0yrcX2QaA4aEBATAf45qniQJtG0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoOCl4MVjC7YW2lA22027drMJuxOhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8etU2casZbLJax7gTUcCkUb6FAyTuJ5jQKJH8Ixrcz/+GJayNidY+ThPsRHSoRCkbRSk3slytu1Z2DrBIvJxXI0eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a6miETd+Nj90Ss6sMiBhrG0pJHP190RGI2MmUWA7I4ojs+zNxP+8borhtZ8JlaTIFVssClNJMCazr8lAaM5QTiyhTAt7K2EjqilDm03JhuAtv7xK2rWqd1GtNS8r9Zs8jiKcwCmcgwdXUIc7aEALGHB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8Ad9cjPU=</latexit>

t
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Figure 3. The Feynman diagram for the signal: tt̄ production, where one of the tops decay to
q = u, c and an ALP.

with σtt̄ ∼ 830pb [79], Br(t → Wb) ∼ 0.96 [80] and Br(t → aq) given in eq. (2.3). For
couplings (cuR)ij of order one and 1

fa
∼ O(10−9–10−5)GeV−1 light ALPs with ma ∼ (1–

10)GeV have lifetimes of order millimeter to 100m, while having Br(t → aq) ! 10−3. For
these intermediate lifetimes ALPs decay mostly in the hadronic calorimeter or the muon
spectrometer. We should remind the reader that while the ALP decays to pairs of partons,
it is highly boosted and decays displaced, so it will mainly be reconstructed as a single,
narrow jet. In the following, we will distinguish two different cases: the case where the
ALP decays at the outer edge of the electromagnetic calorimeter or inside the hadronic
calorimeter and the case where it decays in the muon spectrometer.

An ALP decaying inside the hadronic calorimeter leads to a jet that deposits most
of its energy in the hadronic calorimeter and thus, to a large value of the hadronic to
electromagnetic energy ratio Ehad/Eem. Since the ALP is neutral we expect no tracks
associated with the jet from its decay. In addition to the displaced jet from the ALP, the
signal consists of one prompt light jet from the up or charm quark produced in the flavour
violating decay t → aq (q = u, c) and one to three prompt jets, one of them being a b-jet,
from the decay of the second top quark. The main background in this case is tt̄, where a jet
consisting of (anti-) protons, π± and/or K±, but no photons, deposits the majority of its
energy in the hadronic calorimeter and is thus reconstructed as a “displaced” jet. However,
such a jet will leave tracks, a feature we will use to distinguish signal and background.

On the other hand, if the ALP decays in the muon spectrometer, the signal consists
of an event originating in the muon system with no associated tracks pointing to the
primary vertex, as well as the same prompt jets as for decays in the hadronic calorimeter.
Consequently, we expect 2–4 (2–5) jets and a hit in the muon spectrometer without any
associated tracks. We assume that this signal is background free.

4.2 Triggering and event selection

First, we focus on ALP decays inside the hadronic calorimeter. Here, the signal consists of
minimal three and maximal five (six) jets, one (two) of them being displaced: the decay
products of a SM decay of a top, a prompt light jet from the flavour violating top decay and
one (or rarely two) displaced jet(s) from the ALP decay. In general, one could reconstruct
both top quark masses, one from the displaced jet and one additional jet, and the other
from the remaining three jets, to reduce the background. However, we found that focussing
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Figure 1: Left) Top branching ratios as a function of the mass of S, for eYq
i3 = eYq

3i =
Yq

i3 = Yq
3i = 1 and ⇤ = 1 TeV. Right) Scalar branching ratios into muons (blue)

and taus (black), as a function of the Z2 breaking parameter, �, for mS = 100 GeV. We
represent two cases: (in solid lines) �` = �⌧ = 1 while �q = �; and (in dashed lines) �` = 1
and �⌧ = �q = �.

where we have defined x = mS/mt. Taking �t ⇠ 1.4 GeV as reference value of the top
width [43], we show in the left panel of Fig. 1 the branching ratio of the top quark into
Sq and SSq for eYq

i3 = eYq
3i = Yq

i3 = Yq
3i = 1 and ⇤ = 1 TeV for di↵erent values of mS.

The scalar S can subsequently decay into fermions. In this article we focus on the
channel S ! `+`�. Assuming that this decay mode dominates the S width while t ! qiS
requires that only Yq

i3 (and/or Yq
3i) and Yl

jj, j = 1, 2, 3, are non vanishing. This
scenario does not easily arise in UV models, where diagonal couplings of S to quarks are
generally also present, proportional to masses, and bb dominates the S width; also due
to the larger number of colours with respect to leptons [29]. Still, the branching ratio
to taus is only an order of magnitude smaller. Thus, we will consider this unexplored S
decay in the context of top flavor-changing neutral currents (FCNCs) in this paper. For
its cleanness, we will also consider the dimuon channel.

Prospects are very di↵erent if t ! qiSS instead. From the theory point of view, it can
well be that a Z2 symmetry S ! �S is only (or mostly) broken in the lepton sector. Or
even just in the muon and electron side; in which case the dilepton decay of S is dominant.
Let us write Yf

jj = �fjyfj , where yfj is the fermion Yukawa and 0 < �fj < 1 parameterizes
the degree of breaking of the Z2. In the right panel of Fig. 1 we show the branching ratio
of S into taus and muons for di↵erent assumptions on this parameter.

The interactions above arise very naturally within CHMs [44,45], where both the Higgs
and S are pseudo-Goldstone bosons associated with the spontaneous global symmetry
breaking G/H driven in a new strong sector at the confinement scale ⇤ ⇠ TeV. In these
models, the global symmetry is only approximate; being explicitly broken by the linear
mixing between the elementary SM fermions and composite operators. (Or equivalently,
by embedding the SM fermions in incomplete multiplets of G.)

As a matter of example, let us consider the next-to-minimal CHM based on the coset

4

gg

u/c

u/c

S

t

W

b

g

g

g

t

t

W

S

b

u/c

`/q0

⌫/q

`/q0

⌫/q

Figure 2: Representative Feynman diagrams for the production of a single top quark in
association with S via an FCNC interaction (left) and for the top-quark pair production
with an FCNC top-quark decay into the extra singlet (right). Similar diagrams but in-
volving two rather than one S in the new physics vertex hold for the production of a top
quark in association with SS.

coe�cients vanish with the exception of 3 Yl
22 (or Yl

33) and either Yq
13 or Yq

23 or
Ỹq

13 (depending on which process we study). We quantify the results in terms of seven
benchmark masses: mS = 20, 50, 80, 90, 100, 120 and 150 GeV. Given the reduced phase
space for t ! SSq, we include in addition the benchmark masses mS = 30, 40, 60 and
70 GeV in the analysis for this channel. The reach of the dedicated analyses proposed
below will be compared to the following Benchmark Points (BP):

BP 1 : Yq
i3 = Yq

3i = 0.01 , ⇤ = 5 TeV =) B(t ! Sq) ⇠ 10�8 � 10�7 ,

BP 2 : Yq
i3 = Yq

3i = 0.10 , ⇤ = 5 TeV =) B(t ! Sq) ⇠ 10�6 � 10�5 ,

BP 3 : Yq
i3 = Yq

3i = 0.10 , ⇤ = 1 TeV =) B(t ! Sq) ⇠ 10�4 � 10�3 ,

BP 4 : Ỹq
i3 = Ỹq

3i = 1.00 , ⇤ = 5 TeV =) B(t ! SSq) ⇠ 10�11 � 10�8 ,

BP 5 : Ỹq
i3 = Ỹq

3i = 0.20 , ⇤ = 1 TeV =) B(t ! SSq) ⇠ 10�10 � 10�7 ,

BP 6 : Ỹq
i3 = Ỹq

3i = 1.00 , ⇤ = 1 TeV =) B(t ! SSq) ⇠ 10�8 � 10�5 , (14)

with i = 1, 2. The range in the branching ratio ensues from the range of values of mS.

3 Search for t ! Sq, S ! µ+µ�

The singlet S can arise either in the production or in the decay of the top quark; see
the diagrams on figure 2. This leads to a final state with exactly one S, one top quark
decaying into Wb and eventually an additional light quark q = u, c. In this first analysis
we study the scenario where S decays into a pair of muons. We focus on the leptonic

3
Note that for 10GeV < mS < 100 GeV current data from ATLAS, CMS and BaBar only constrain

Yl & 0.1 [22] for ⇤ = 1 TeV. Even for much smaller values, S decays promptly. We remark that LEP

bounds at the Z pole [53] are more than one order of magnitude weaker than the previous constraints.
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Ỹq

13 (depending on which process we study). We quantify the results in terms of seven
benchmark masses: mS = 20, 50, 80, 90, 100, 120 and 150 GeV. Given the reduced phase
space for t ! SSq, we include in addition the benchmark masses mS = 30, 40, 60 and
70 GeV in the analysis for this channel. The reach of the dedicated analyses proposed
below will be compared to the following Benchmark Points (BP):

BP 1 : Yq
i3 = Yq

3i = 0.01 , ⇤ = 5 TeV =) B(t ! Sq) ⇠ 10�8 � 10�7 ,

BP 2 : Yq
i3 = Yq

3i = 0.10 , ⇤ = 5 TeV =) B(t ! Sq) ⇠ 10�6 � 10�5 ,

BP 3 : Yq
i3 = Yq

3i = 0.10 , ⇤ = 1 TeV =) B(t ! Sq) ⇠ 10�4 � 10�3 ,

BP 4 : Ỹq
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3i = 0.20 , ⇤ = 1 TeV =) B(t ! SSq) ⇠ 10�10 � 10�7 ,

BP 6 : Ỹq
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Figure 1: Left) Top branching ratios as a function of the mass of S, for eYq
i3 = eYq

3i =
Yq

i3 = Yq
3i = 1 and ⇤ = 1 TeV. Right) Scalar branching ratios into muons (blue)

and taus (black), as a function of the Z2 breaking parameter, �, for mS = 100 GeV. We
represent two cases: (in solid lines) �` = �⌧ = 1 while �q = �; and (in dashed lines) �` = 1
and �⌧ = �q = �.

where we have defined x = mS/mt. Taking �t ⇠ 1.4 GeV as reference value of the top
width [43], we show in the left panel of Fig. 1 the branching ratio of the top quark into
Sq and SSq for eYq

i3 = eYq
3i = Yq

i3 = Yq
3i = 1 and ⇤ = 1 TeV for di↵erent values of mS.

The scalar S can subsequently decay into fermions. In this article we focus on the
channel S ! `+`�. Assuming that this decay mode dominates the S width while t ! qiS
requires that only Yq

i3 (and/or Yq
3i) and Yl

jj, j = 1, 2, 3, are non vanishing. This
scenario does not easily arise in UV models, where diagonal couplings of S to quarks are
generally also present, proportional to masses, and bb dominates the S width; also due
to the larger number of colours with respect to leptons [29]. Still, the branching ratio
to taus is only an order of magnitude smaller. Thus, we will consider this unexplored S
decay in the context of top flavor-changing neutral currents (FCNCs) in this paper. For
its cleanness, we will also consider the dimuon channel.

Prospects are very di↵erent if t ! qiSS instead. From the theory point of view, it can
well be that a Z2 symmetry S ! �S is only (or mostly) broken in the lepton sector. Or
even just in the muon and electron side; in which case the dilepton decay of S is dominant.
Let us write Yf

jj = �fjyfj , where yfj is the fermion Yukawa and 0 < �fj < 1 parameterizes
the degree of breaking of the Z2. In the right panel of Fig. 1 we show the branching ratio
of S into taus and muons for di↵erent assumptions on this parameter.

The interactions above arise very naturally within CHMs [44,45], where both the Higgs
and S are pseudo-Goldstone bosons associated with the spontaneous global symmetry
breaking G/H driven in a new strong sector at the confinement scale ⇤ ⇠ TeV. In these
models, the global symmetry is only approximate; being explicitly broken by the linear
mixing between the elementary SM fermions and composite operators. (Or equivalently,
by embedding the SM fermions in incomplete multiplets of G.)

As a matter of example, let us consider the next-to-minimal CHM based on the coset
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Figure 9: In the upper (bottom) panels, we show the 95% CL limits on the branching
ratio (cross section times branching ratio) that can be tested in the µ+µ� channel, in the
analysis proposed for t ! SSq, S ! µ+µ�, with q = u (c) in the panels on the left (right).
The green and yellow bands show the ±1� and ±2� uncertainty on the limits, respectively.
The limits are obtained for a collected luminosity L = 150 fb�1. Superimposed are the
theoretical expectations in three BPs.

6 Conclusions

Using an e↵ective field theory approach, we have shown that, in models of new physics with
light pseudo-scalar singlet degrees of freedom S, new top flavor-changing neutral currents
(FCNCs) arise. These can trigger the rare top decay t ! Sq, as well as produce the top
quark in association with S in proton-proton collisions. At the LHC, both processes can
be captured by inclusive searches for pp ! tS + j.

We have shown that, if there is a Z2 symmetry under which S is odd while all the SM
quarks are even, then one expects rather the FCNC process pp ! tSS + j. Under this
hypothesis, S decays exclusively into leptons, predominantly into taus and muons. For
completeness we have shown how these ideas can be implemented in a concrete composite
Higgs model. We have also demonstrated that experimental analyses currently performed
at the LHC are not significantly sensitive to these interactions. Thus, we have worked
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Figure 6: In the upper (bottom) panels, we show the 95% CL limits on the branching
ratio (cross section times branching ratio) that can be tested in the ⌧+⌧� channel, in the
analysis proposed for t ! Sq, S ! ⌧+⌧�, with q = u (c) in the panels on the left (right).
The green and yellow bands show the ±1� and ±2� uncertainty on the limits, respectively.
The limits are obtained for a collected luminosity L = 150 fb�1. Superimposed are the
theoretical expectations in three BPs.
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Associated tta, a → μμ
2304.14247 - ATLAS

1 Introduction

This paper describes a search for the production of a new light pseudoscalar particle decaying into a pair of
muons in events with a top-quark pair. Such new particles are well motivated phenomenologically and
have been proposed as an explanation for the excess of W-ray emissions from the center of our galaxy [1–4]
in the context of Coy Dark Matter models [5–7]. They can be colorless solutions of the naturalness
problem [8–11]. A light scalar can also render the electroweak phase transition strong first-order, which is
one of the ingredients for electroweak baryogenesis [12–14]. These new particles are present in several
extensions of the Standard Model (SM), where new light pseudoscalars mix with fields in an extended Higgs
sector, which may include additional heavy neutral and charged scalars, inheriting the Yukawa couplings to
fermions. In this case, the large coupling to top quarks suggests a search for this new light pseudoscalar
produced in events with a top-quark pair [15]. Two scenarios are considered: one where the new light
particle 0 is produced in association with a top-quark pair (CC̄0, 0 ! ``) and another where a top quark
decays into a new charged Higgs boson that subsequently decays into a new light particle and a , boson
(C ! �

+
1, �+

! ,
+
0, 0 ! ``). The search focuses on the mass ranges 15 GeV < <0 < 72 GeV and

120 GeV  <�
±  160 GeV. The high mass resolution achievable for muon pairs provides a distinctive

signature to search for and excellent discrimination against most of the background sources. The search
targets final states with three leptons, including an electron or muon from a top-quark decay in addition to
the two muons from the light pseudoscalar decay. Figure 1 shows representative Feynman diagrams for the
signal processes targeted by this search.
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Figure 1: Feynman diagrams for the leading contributions to the (a) CC̄0 process and to the (b) ?? ! CC̄ process with
C ! �

+
1, �+

! ,
+
0.

This analysis uses data from proton–proton (??) collisions at a center-of-mass energy of
p
B = 13 TeV

collected by the ATLAS experiment during Run 2 (2015 to 2018) of the Large Hadron Collider (LHC),
corresponding to an integrated luminosity of 139 fb�1. Previous results include those from a more general
search for multilepton signatures by the CMS Collaboration that sets upper limits of 1–10 fb on the
production cross section for CC̄0, 0 ! `` at 95% confidence level in the mass ranges <0 = 15–75 GeV and
108–340 GeV [16]. The CMS Collaboration also performed a search for �±

! ,
+
0, 0 ! `` in C ! �

±
1

decays targeting the mass ranges <�
± = 120–160 GeV and <0 = 15–75 GeV, and set upper limits of

(1.9�8.6) ⇥ 10�6 on the branching ratio B(C ! 1�
+
,�

+
! ,

+
0, 0 ! ``) at 95% confidence level [17].

Previously, the CDF Collaboration searched for �±
! ,0, 0 ! gg in C ! �

±
1 decays, targeting the

mass ranges <�
± = 90–160 GeV and <0 = 4–9 GeV [18].

2

Table 2: Definition of the analysis regions, split according to the number of leptons, jets, and 1-jets, and the invariant
mass requirements on muon pairs.

Signal Regions on-/ Control Region CC̄ Control Region

Channel 4`` ``` 4`` ``` 4``

Binning <
0

``
<

0

``
=jets, =1-jets =jets, =1-jets ?

`,fake
T

=electrons 1 0 1 0 1

=muons 2 3 2 3 2

<`` [GeV]

12 < <
0

``
< 77 12 < <

0

``
< 77 77 < <

0

``
< 107 77 < <

0

``
< 107 12 < <

0

``
< 77

and or

- <
other
``

< 77 or > 107 - 77 < <
other
``

< 107 -

=jets � 3 1 or 2

=1-jets � 1 1

Another CR, defined only in the 4`` final state, targets CC̄ processes where both top quarks decay leptonically.
In this case, one of the two muons is often produced in the nonprompt decay of a heavy-flavor hadron. This
muon, called a “fake muon”, is defined as the one with the same electric charge as the electron. Since both
top quarks decay leptonically, events in this CR are required to have one or two jets, with exactly one of
them being a 1-jet. This region is further binned in ?

`,fake
T .

In all regions described above, all muons are required to satisfy the tight selection presented in Section 4.
Events with exactly one of the selected muons failing to satisfy the tight selection criteria are assigned
to one of three “isolation sidebands” enriched in events from background processes with nonprompt
muons. The three isolation sidebands correspond to di�erent ?T ranges (10 GeV  ?T < 20 GeV,
20 GeV  ?T < 40 GeV, and ?T � 40 GeV) of the muon which does not satisfy the tight selection criteria.
The binning of the isolation sidebands is the same as in the corresponding signal and control regions. The
regions used in the analysis are summarized in Table 2.

6 Background estimation

Several SM processes can produce final states which satisfy the object and event selections described above.
The contributions from these processes are estimated with simulation or data-driven methods.

Background processes with all leptons originating from the prompt decay of vector bosons are described by
simulation. The dominant source of background with prompt leptons is CC̄/ , the associated production of a
/ boson and a CC̄ pair where the o�-shell / boson decays into a low-mass muon pair. The normalization
of this process is determined by data and largely constrained by the on-/ control region. The same
CC̄/ normalization is used for all analysis channels. The categorization of the on-/ CR in number of
jets and 1-jets allows a precise data-driven determination of the CC̄/ process normalization despite the
large contamination from ,/ events, which are subleading in the SR, as shown in Figure 2. Additional
subleading sources of background in the SR include single top quarks produced in association with a /

boson (C/@ and C,/), as well as CC̄, , CC̄�, triboson +++ , and CC̄CC̄ processes. The normalization of each
background process with prompt leptons other than CC̄/ is determined from simulation.

7

(a) (b)

Figure 3: Dimuon mass distributions for data and expected background in the (a) 4`` and (b) ``` signal regions for
the <0 = 35 GeV hypothesis. The expected signal distribution is shown assuming f(CC̄0) ⇥B(0 ! ``) = 4 fb. Rare
background processes include //+ jets, ,,/ , ,// , /// , and CC̄CC̄. The yields correspond to the values obtained
under the background-only hypothesis with the profile likelihood method described in Section 9.

7 Signal modeling

Simulated samples of the CC̄0, 0 ! `` process were generated for 10 di�erent values of the 0-boson mass
in the range between 12 GeV and 77 GeV. Similarly, in the case of the C ! �

+
1, �+

! ,
+
0 signal,

samples for up to five di�erent values of the 0-boson mass were generated for three di�erent values of <�
+ .

The number of di�erent mass hypotheses simulated is limited by the computational resources available.
The gap between simulated mass hypotheses is, however, much wider than the dimuon mass resolution of
the ATLAS detector.

A parameterized model for the <
0

``
spectrum, where <

0

``
is the mass of the two 0-muons in each event,

is used to probe 0-boson mass hypotheses between the values chosen for the simulated samples. The
model uses the double Crystal Ball (dCB) probability density function [66]. The parameters of the dCB
distribution are evaluated independently for each simulated 0-boson mass using a maximum-likelihood
fit. Only the Gaussian core’s mean and width are observed to vary significantly, while the parameters
describing the power-law tails are consistent for all 0-boson masses in the range considered in this search.
The mean and the width of the Gaussian core vary linearly with the value of the 0-boson mass. The signal
acceptance times e�ciency is also observed to vary linearly with the value of the 0-boson mass. The
dCB distribution parameters, their linear dependency on the 0-boson mass, and the model of the signal
acceptance times e�ciency are determined separately in the 4`` and ``` channels and for the two signal
models CC̄0 and C ! �

+
1, �+

! ,
+
0 in order to account for the di�erent muon kinematics in the two

models. Figure 4 shows the dependency of the dCB width on the value of the 0-boson mass in the 4``

channel. It also shows a comparison of the model obtained with the prescription described above and
the distribution of events obtained from an independent simulated sample. Similar tests show excellent

9

set of nuisance parameters is introduced to describe Poisson fluctuations in the background yields estimated
from simulation.

(a) (b)

(c) (d)

Figure 5: (a) Expected and observed 95% confidence level (CL) upper limits on the signal cross section shown as a
function of <0 for CC̄0 production, and a comparison with the cross section predicted by the model described in the text.
In (b), (c) and (d), expected and observed 95% CL upper limits on the branching ratio B(C ! 1�

+
,�

+
! ,

+
0, 0 !

``) are shown as a function of <0 for �+
! ,

+
0, assuming a top-pair cross section of f(?? ! CC̄) = 833 pb [43–

49], for three values of the charged Higgs boson’s mass: <�
+ = 120 GeV, <�

+ = 140 GeV, and <�
+ = 160 GeV,

respectively.

As shown in Figure 3, good agreement is observed between data and the expected background, suggesting
the absence of a signal. A hypothetical CC̄0 signal with a cross section of 4 fb at <0 = 35 GeV is also
depicted in Figure 3, showing the typical concentrated excess that would have been expected from a signal.
No significant excess is observed, and the smallest local ?-value is 0.008 at <0 = 27 GeV, corresponding
to a local significance of about 2.4f. The slight excess at <0 = 27 GeV is observed in both the 4`` and
``` channels. Upper limits on the signal cross section are determined using the CLs prescription [72,
74] and are shown in Figure 5(a) together with a comparison with a prediction from a theoretical model
for the CC̄0 analysis. The model assumes a single coupling �8HC6C0(C̄W5C)/

p
2, where HC is the top-quark
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so far limited to muon final states and moderate mass 12-77 GeV
ample room for improvement outside the probed mass range and in other  decay final states, e.g. hadronsa
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tta, a → bb
1507.07004 - Casolino, Farooque, Juste, Liu, Spannowsky
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FIG. 5: Expected 95% CL upper limits on �(tt̄A) ⇥ B(A ! bb̄) as a function of mA in pp collisions at
p
s = 14 TeV for an

integrated luminosity of (a) 30 fb�1 and (b) 300 fb�1. The green and yellow bands correspond to 1 and 2 standard deviations
respectively around the median expected limit under the background-only hypothesis. Also shown are the theoretical cross
sections for �(tt̄A) for di↵erent assumed values of gt (0.5, 1.0 and 2.0) and B(A ! bb̄) = 1.

95% CL upper limits on �(tt̄A)⇥ B(A ! bb̄) (pb)

mA (GeV)

L (fb�1) 20 30 40 60 80 100

1 4.46 2.50 2.38 2.57 2.78 3.94

30 1.02 0.48 0.45 0.51 0.53 0.78

100 0.67 0.29 0.25 0.29 0.30 0.46

300 0.46 0.18 0.16 0.18 0.18 0.30

3000 0.17 0.066 0.057 0.065 0.065 0.13

TABLE III: Expected 95% CL upper limits on �(tt̄A) ⇥ B(A ! bb̄) as a function of mA in pp collisions at
p
s = 14 TeV for

di↵erent integrated luminosities.

95% CL upper limits on |gt|
mA (GeV)

L (fb�1) 20 30 40 60 80 100

1 2.73 2.14 2.18 2.48 2.82 3.65

30 1.31 0.94 0.95 1.10 1.23 1.62

100 1.06 0.72 0.71 0.83 0.93 1.25

300 0.88 0.57 0.55 0.65 0.72 1.00

3000 0.54 0.35 0.34 0.39 0.43 0.67

TABLE IV: Expected 95% CL upper limits on |gt| as a function of mA in pp collisions at
p
s = 14 TeV for di↵erent integrated

luminosities, under the assumption B(A ! bb̄) = 1.

from LEP. If mA < mhSM/2, it may be searched via the decay hSM ! AA. Though such decay sometimes has a large
branching ratio, being in conflict with current Higgs precision data, there do exist scenarios, in both supersymmetric
and non-supersymmetric theories, where the B(hSM ! AA) is suppressed. Therefore, new strategies for collider
searches that could cover as large as possible model parameter space with a light CP-odd Higgs boson, are necessary.
Next, we will interpret our collider analysis of tt̄A in several representative beyond-SM scenarios.
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FIG. 1: (a) Comparison of the leading-order cross section for tt̄h (solid line) and tt̄A (dashed line) in pp collisions at
p
s = 14

TeV as a function of Higgs boson mass. In both cases a value of gt = 1 is assumed. (b) Comparison of the Higgs boson pT
between tt̄h (red) and tt̄A (black) for two di↵erent values of the Higgs boson mass, 20 GeV (solid) and 100 GeV (dashed).

calculation and the parton shower, a parton–jet matching scheme (“MLM matching”) [33] is employed. The sample
is normalised to a cross section of 990 pb obtained using Top++ v2.0 [34] at next-to-next-to-leading order (NNLO)
in QCD, including resummation of next-to-next-to-leading logarithmic (NNLL) soft gluon terms [35–39], and using
the MSTW 2008 NNLO [40, 41] PDF set. The tt̄+jets sample is generated inclusively, but events are categorised
depending on the flavour content of additional particle jets in the event (i.e. jets not originating from the decay of the
tt̄ system). Particle jets are reconstructed with the anti-kt [42–44] algorithm with a radius parameter R = 0.4 and are
required to have pT > 15 GeV and |⌘| < 2.5. Events where at least one such particle jet is matched within �R < 0.4
to a b-hadron with pT > 5 GeV not originating from a top quark decay are generically labelled as tt̄+�1b events.
Similarly, events where at least one such particle jet is matched within �R < 0.4 to a c-hadron with pT > 5 GeV
not originating from a W boson decay, and that are not labelled already as tt̄+�1b, are labelled as tt̄+�1c events.
Events labelled as either tt̄+�1b or tt̄+�1c are generically referred to below as tt̄+HF events, where HF stands for
“heavy flavour”. We do not apply dedicated corrections to the normalisation of tt̄+HF events, since Run 1 searches at
the LHC [45] showed that the LO prediction from Madgraph5 using the same settings as us is consistent with data
within ⇠ 20%, and a larger systematic uncertainty will be assumed in this study. As in Ref. [45], a finer categorisation
of tt̄+HF events is considered for the purpose of assigning systematic uncertainties associated with the modelling
of heavy-flavour production in di↵erent topologies. In this way, a distinction is made between events with only one
extra heavy-flavour jet satisfying the above cuts (referred to as tt̄+b or tt̄+c), events with two extra heavy-flavour jets
(referred to as tt̄+bb̄ or tt̄+cc̄), and events with one extra heavy-flavour jet containing two b- or c-hadrons (referred to
as tt̄+B or tt̄+C). The remaining events are labelled as tt̄+light-jet events, including those with no additional jets.

Additional background samples corresponding to tt̄W , tt̄Z and tt̄hSM production, where hSM is the SM Higgs boson,
are also produced. The tt̄W sample is generated requiring at least one W boson in the event to decay leptonically,
and is normalised to the corresponding LO cross section, 0.404 pb, times a k-factor of 1.4 [46]. The tt̄Z sample
is generated requiring Z ! qq̄ decays and is normalised to the corresponding LO cross section, 0.353 pb, times a
k-factor of 1.3 [46]. Finally, the tt̄hSM sample is generated assuming mh = 125 GeV and requiring h ! bb̄ decays.
It is normalised to the NLO cross section [47–49], 0.611 pb, times the hSM ! bb̄ branching ratio of 57.7% [50–53],
collected in Ref. [54]. In these samples Z ! qq̄ and hSM ! bb̄ decays are performed by Madgraph5 and top quarks
and W bosons are decayed by Pythia.

B. Event reconstruction

The generated samples at the particle level are processed through a simplified simulation of the detector response
and object reconstruction.

LHC bounds need to be interpreted 
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FIG. 6: Parameter region with B(hSM ! AA) < 30% in the 2HDM (blank region). The blank belts in the region with
mA < mhSM/2, which are characterised by di↵erent boundary colours, are yielded by di↵erent m2

12 values. The black dashed
line represents a universal upper limit on tan� due to the perturbation requirement for �1.
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FIG. 7: Sensitivity reach (at 95% CL) of the bb̄A and tt̄A channels within the (a) type-I 2HDM and (b) type-II 2HDM. The
green bands represent a region where the recently observed gamma-ray excess from the Galactic Centre can be explained,
yielding a DM annihilation cross section of h�vi ' 1� 2.5⇥ 10�26cm3s�1. Here the DM particle mass m� = 50 GeV and the
coupling between the mediator and the DM particles y� = 0.3 are assumed.

both search channels are no longer probing complementary tan� regions. As a matter of fact, in such scenario the
tt̄A channel provides a better sensitivity to search for the light CP-odd Higgs boson over the whole mass range of
20 GeV < mA < 100 GeV, although the high-tan� region remains di�cult to probe.

Searches for tt̄A and bb̄A also provide a probe for DM physics. For example, consider a Dirac fermion � that is a
DM candidate, with mass m�, and coupling to the CP-odd scalar A via:

L � y�A�̄i�
5
�. (9)

Integrating out A yields a dimension-six e↵ective operator:

Le↵ ⇠
�yby�mb

⇤3
�̄�

5
�b̄�

5
b. (10)

type-1 2HDM
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FIG. 7: Sensitivity reach (at 95% CL) of the bb̄A and tt̄A channels within the (a) type-I 2HDM and (b) type-II 2HDM. The
green bands represent a region where the recently observed gamma-ray excess from the Galactic Centre can be explained,
yielding a DM annihilation cross section of h�vi ' 1� 2.5⇥ 10�26cm3s�1. Here the DM particle mass m� = 50 GeV and the
coupling between the mediator and the DM particles y� = 0.3 are assumed.

both search channels are no longer probing complementary tan� regions. As a matter of fact, in such scenario the
tt̄A channel provides a better sensitivity to search for the light CP-odd Higgs boson over the whole mass range of
20 GeV < mA < 100 GeV, although the high-tan� region remains di�cult to probe.

Searches for tt̄A and bb̄A also provide a probe for DM physics. For example, consider a Dirac fermion � that is a
DM candidate, with mass m�, and coupling to the CP-odd scalar A via:

L � y�A�̄i�
5
�. (9)

Integrating out A yields a dimension-six e↵ective operator:

Le↵ ⇠
�yby�mb

⇤3
�̄�

5
�b̄�

5
b. (10)

type-2 2HDM
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FIG. 5: Expected 95% CL upper limits on �(tt̄A) ⇥ B(A ! bb̄) as a function of mA in pp collisions at
p
s = 14 TeV for an

integrated luminosity of (a) 30 fb�1 and (b) 300 fb�1. The green and yellow bands correspond to 1 and 2 standard deviations
respectively around the median expected limit under the background-only hypothesis. Also shown are the theoretical cross
sections for �(tt̄A) for di↵erent assumed values of gt (0.5, 1.0 and 2.0) and B(A ! bb̄) = 1.

95% CL upper limits on �(tt̄A)⇥ B(A ! bb̄) (pb)

mA (GeV)

L (fb�1) 20 30 40 60 80 100

1 4.46 2.50 2.38 2.57 2.78 3.94

30 1.02 0.48 0.45 0.51 0.53 0.78

100 0.67 0.29 0.25 0.29 0.30 0.46

300 0.46 0.18 0.16 0.18 0.18 0.30

3000 0.17 0.066 0.057 0.065 0.065 0.13

TABLE III: Expected 95% CL upper limits on �(tt̄A) ⇥ B(A ! bb̄) as a function of mA in pp collisions at
p
s = 14 TeV for

di↵erent integrated luminosities.

95% CL upper limits on |gt|
mA (GeV)

L (fb�1) 20 30 40 60 80 100

1 2.73 2.14 2.18 2.48 2.82 3.65

30 1.31 0.94 0.95 1.10 1.23 1.62

100 1.06 0.72 0.71 0.83 0.93 1.25

300 0.88 0.57 0.55 0.65 0.72 1.00

3000 0.54 0.35 0.34 0.39 0.43 0.67

TABLE IV: Expected 95% CL upper limits on |gt| as a function of mA in pp collisions at
p
s = 14 TeV for di↵erent integrated

luminosities, under the assumption B(A ! bb̄) = 1.

from LEP. If mA < mhSM/2, it may be searched via the decay hSM ! AA. Though such decay sometimes has a large
branching ratio, being in conflict with current Higgs precision data, there do exist scenarios, in both supersymmetric
and non-supersymmetric theories, where the B(hSM ! AA) is suppressed. Therefore, new strategies for collider
searches that could cover as large as possible model parameter space with a light CP-odd Higgs boson, are necessary.
Next, we will interpret our collider analysis of tt̄A in several representative beyond-SM scenarios.

95 % CLlimit on  |gt |  assuming BR(a → bb) = 1

study missinge+e−

ample room for improvement outside the probed mass range and in other  decay final states, e.g. hadronsa
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BSM decays of the top quark
Focus Topic “EXtt”

• Update of the tenable FCNC BR incorporating direct searches for the microscopic 
BSM states that mediate flavor changing transitions, e.g. squarks


• Identification of more general patterns of BSM decay of the top quark in light of 
recent model building and of the new constraints


• Identification of blindspots for the LHC, ideally pursuing both signature-driven and 
model-driven routes


• Establishing the sensitivity of experiments at the top factory with realistic detector 
treatment (Delphes via KEY4HEP)


• Establishing connection with other stages of the HET program (e.g. single top 
production at 240 GeV)



Oct. 11 2023 - Roberto Franceschini - 2nd ECFA workshop on the physics of the Higgs Electroweak Top factory -  https://agenda.infn.it/event/34841/ 

Top quark decay at the Top Factory
t → BSM

• BSM means SM EW 
final states
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Top quark decay at the Top Factory
t → BSM
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SM 2HDM(FV) 2HDM(FC)

MSSM RPV RS

[5]

[4]

[3]

[3]

[2]

[2]

[1]

[1]

Most stringent 95%CL upper limits
[1] CMS-PAS-TOP-20-007 (*) [2] JHEP 04 (2016) 035
[3] JHEP 02 (2017) 028 [4] CMS-PAS-TOP-17-017 (*)
[5] JHEP 07 (2017) 003 * Preliminary

from arXiv:1311.2028
Theory predictions

Preliminary CMS
July 2021

all other processes are zero
Each limit assumes that

8 TeV  20f b−1

13 TeV  137f b−1

7 + 8 TeV  5 + 20f b−1

8 TeV  20f b−1

HL-LHC* 3/ab

CLIC380 0.5/ab

• Last refresh of BSM benchmark 
is quite old (2013)


• Regardless of the focus topics 
a refresh seems needed for the 
final report


• Quick assessment concluded 
that most results may need a 
retouch


• Inquiry for update/revalidation 
of the BSM benchmarks has 
started


• Relation to EFT to be 
investigated further

Kaustubh Agashe and Sagar Airen at U. of Maryland agreed to help with the update
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Eur. Phys. J. C (2019) 79 :474 Page 75 of 161 474

Fig. 6.3 FCC-ee measurement uncertainties in the left and right cou-
pling of the top to the Z (left) and to the photon (right) displayed as an
ellipse. In the left plot the SM value at (0,0) is compared to predicted

deviations from various composite Higgs model for f ≤ 1.6 TeV. The
4DCHMM [166] benchmark point A is represented with a cyan marker

Fig. 6.4 Summary of 95% C.L. limits in the search for FCNC in top production or decays for various future collider options, compared to current
LHC limits. The study of the top FCNC decays reach at e+e− linear colliders was recently presented in Ref. [167]

FCNC couplings from single top quark production and from top quark decays, and their sensitivity will greatly increase at the
HL-LHC. The FCC-ee can perform a search for FCNC in top decay using the 2 ab−1 collected above the top pair production
threshold. It can also profit from studying the anomalous single top production process with the 5 ab−1 at

√
s = 240 GeV.

The sensitivity of the FCC-ee to the quark FCNC couplings tqγ and tqZ (q = u,c) has been studied in the e−e+ → Z/γ → tq̄
(t̄q) channel, with a leptonic decay of the W boson. These preliminary analyses show that the FCC-ee can reach a sensitivity
for BR(t → qγ) and BR(t → qZ) of about 10−5, which is slightly below the sensitivity of HL-LHC, see Fig.6.4. More
optimised studies are expected in the future. It is therefore expected that FCC-ee could confirm and help characterise a top
FCNC decay signature (e.g. distinguish q = u from q = c), should this be detected at the HL-LHC.

6.3 FCC-hh

The production rate of top quark pairs at FCC-hh is ∼ 35 nb (Table 6.1), over 30 times larger than at the LHC. This leads
to ∼ 1012 top quarks produced during FCC-hh operation, to be used to explore the top properties via both its production
and decay features. As discussed in the case of EW and Higgs production, the extended kinematic reach of top quarks leads
to sensitivity to EFT operators [168] describing possible deviations from the EW and QCD top couplings, complementary

123

Top quark decay at the Top Factory
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t → BSM
1311.2028 - Agashe et al. - Snowmass 2013 Top quark working group report
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Top quark decay at the Top Factory
t → BSM

not observable at 
top factory

typical 2HDM contribution

BR ∼ (1/M2HDM)4Use MSSM 
instead

observable at top 
factory

Even a mere factor 2 stronger bounds on the 
particles originating flavor violation makes a 

factor 16 in the FCNC BR. This can take a 
“border-line observable at top factory” BR=10-5  

down to 10-6 and ruin the party.

1311.2028 - Agashe et al. - Snowmass 2013 Top quark working group report
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Top quark decay at the Top Factory
t → BSM

BR ∼ (1/MNP)4

Even a mere factor 2 stronger bounds on the 
particles originating flavor violation makes a 

factor 16 in the FCNC BR. This can take a 
“border-line observable at top factory” BR=10-5  

down to 10-6 and ruin the party.
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Top quark decay at the Top Factory
t → BSM

not observable at 
top factory

Use MSSM 
instead

observable at top 
factory

• Most references are on complete models, 
some from 1990s


• Correct formulae do not expire.


• But phenomenological interpretations of 
correct formulae do expire when high energy 
(LHC) and high-intensity (flavor) experiments 
work hard to search NP!


• Most recent searches of NP express results 
in “simplified models”, small brothers of the 
full microscopic models, used to can capture 
salient feature of a relatively broad class of 
models.


• Translation and merging of info is needed to 
really update these specific models

1311.2028 - Agashe et al. - Snowmass 2013 Top quark working group report
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MSSM RPC squarks
q̃ → q mET
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q̃ → qq
MSSM-RPV squarks

BRs in the MSSM may undergo a reduction due 
to squarks limits at 2+ TeV

RPV MSSM seems to have less stringent bounds, so it 
might re-enable the MSSM (RPV columns untouched)
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MSSM RPC squarks
q̃ → q mET
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Randall-Sundrum Heavy Vector Triplet scenario→
0 1 2 3 4 5 6
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Figure 2: 95% C.L. upper observed and expected limits on the + 0 cross-section versus pole mass for the analyses and
their respective combination, assuming the (a) HVT-A, or (b) HVT-B benchmark point, and @@̄ production mode.

12

ATLAS-CONF-2022-028

• RS FCNC computed for 3 TeV new resonances in 
2013


• Quite generous/safe assumption back then

• No specific RS searches found so far for the relevant 

color-singlet new resonances for the FCNC BR

• Closest searches expressed as “Heavy Vector Triplet” 

model B (established map between models and 
appropriate rescaling in progress) 


• Limits potentially touching the 3+ TeV at 140/fb and 
may reach 6 TeV at HL-LHC (prelim. estimate)

hep-ph/0709.0007

Figure 2: The branching ratios of Z ′ into the various modes as a function of its mass for A1 (left),
Z̃1 (center) and Z̃X1 (right).

two leading channels tt̄ and WW are comparable. For Z̃1, the leading channel is Zh and the next

is tt̄. The suppressed coupling to WW can be understood from the equivalence theorem – for the

mass range shown it happens that the eaten charged Goldstone boson almost decouples from this

state5. A similar argument, but for the eaten neutral Goldstone boson explains the suppression of

the Zh mode in the case of Z̃X1. In all cases, the charged lepton mode ℓℓ is very small, ranging in

10−3 − 10−4. As a representative, in Table 1 we show the partial widths and the decay branching

ratios for MZ′ = 2 TeV.

Table 1: Partial widths and decay branching ratios for MZ′ = 2 TeV.

A1 Z̃1 Z̃X1

Γ(GeV) BR Γ(GeV) BR Γ(GeV) BR
t̄t 55.8 0.54 18.3 0.16 55.6 0.41
b̄b 0.9 8.7× 10−3 0.12 10−3 28.5 0.21
ūu 0.28 2.7× 10−3 0.2 1.7× 10−3 0.05 4× 10−4

d̄d 0.07 6.7× 10−4 0.25 2.2× 10−3 0.07 5.2× 10−4

ℓ+ℓ− 0.21 2× 10−3 0.06 5× 10−4 0.02 1.2× 10−4

W+
L W−

L 45.5 0.44 0.88 7.7× 10−3 50.2 0.37
ZLh - - 94 0.82 2.7 0.02
Total 103.3 114.6 135.6

The Z̃1 and Z̃X1 BR’s into some modes show interesting behavior due to the following: For

5Here the SU(2)L,R couplings are set to be equal, as explained in appendix A.

10

ρ → VV
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• RS FCNC computed for 3 TeV new resonances in 
2013


• Quite generous/safe assumption back then

• No specific RS searches found so far for the relevant 

color-singlet new resonances for the FCNC BR

• Closest searches expressed as  or dark matter 

mediator  (established map between models and 
appropriate rescaling in progress)


• Limits potentially touching the 3+ TeV at 140/fb and 
may reach 6 TeV at HL-LHC (prelim. estimate)

Z′ TC2
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ATLAS
-1 = 13 TeV, 139 fbs

 resonance limit at 4 TeV (136fb-1)tt̄

limits on the cross-section times branching fraction of new
particles decaying into tt̄.

IX. RESULTS

The observed mreco
tt̄ distributions in the regions A–D for

the resolved analysis and in the signal regions SR1 and SR2
for the boosted analysis after the fit (Post-Fit) with the
background-only hypothesis are shown in Figs. 6–8, respec-
tively. The expected signal and background yields as well as
the observed number of data events are summarized in
Tables V and VI for the resolved and boosted analyses,

respectively. The systematic uncertainties with the largest
post-fit impact on the signal strength parameter μ in the
resolved and boosted analyses are presented in Table VII.
The observed data agree well with the estimated SM
background and no significant excess is observed.
Assuming a narrow-width resonance modeled by the
Z0
TC2 signal, the minimum local p0 value is observed in

the boosted analysis to be 0.02 (2.1σ) atm ¼ 1.75 TeV. The
observed excess corresponds to a global significance
of less than 1σ. While the excess is mostly driven by
SR1ðTight; 2bÞ region, it is worth noting that the other
regions contribute significantly to the overall sensitivity,
e.g., adding the SR2 regions can improve the sensitivity by
up to 20% (for a 3 TeV signal) and adding the 1b regions to
the 2b ones adds about 10% more sensitivity. The data and
expected background spectra are also compared using
BumpHunter [88], which performs a hypothesis test to look
for local excesses or deficits in data relative to the back-
ground, taking the look-elsewhere effect into account as
well. No significant deviation from the background is found.
In the absence of a significant excess above the back-

ground prediction, 95% C.L. upper limits on the cross-
section times branching fraction of new particles decaying
into tt̄ are calculated at each mass value for the different
benchmark signal models considered. The expected and
observed upper limits on the cross-section times branching
fraction of Z0

TC2 → tt̄ are presented in Fig. 9. Due to the
strength of the expected limits, results from the resolved
analysis are shown at mZ0

TC2
below 1.2 TeV, whereas the

results of the boosted analysis are shown above that value.
The NLO theory cross-section predictions for the Z0

TC2 with
Γ ¼ 1% and 3%, as well as those at LO with Γ ¼ 1.2% are
overlaid. The observed (expected) 95%C.L. exclusion range
is set for the Z0

TC2 masses between 0.58 and 3.1 TeV
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FIG. 9. Observed and expected upper limits on the cross-
section times branching fraction of Z0

TC2 decaying into tt̄ as a
function of the Z0

TC2 mass. The theory predictions of the cross
sections for the Z0

TC2 with Γ ¼ 1% and 3% are shown by the
dotted and dashed lines at NLO and by the solid line with Γ ¼
1.2% at LO, respectively. The results from the resolved and
boosted analyses are shown to the left and right of the vertical
dashed line, respectively.
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FIG. 10. Observed and expected 95% C.L. upper limits on the cross-section times branching fraction of Z0
med decaying into tt̄ as a

function of the Z0
med mass. The theoretical predictions of the cross sections for the Z0

med in the (a) A1 axial-vector mediator and (b) V1
vector mediator scenarios of the benchmark DM models are shown by the solid lines. The resolved and boosted analyses are shown to
the left and right of the vertical dashed line, respectively.

SEARCH FOR HEAVY PARTICLES DECAYING INTO A … PHYS. REV. D 99, 092004 (2019)

092004-19

appropriate rescaling of couplings necessary, in progress

 resonance limit at 3 TeV (36fb-1)tt̄

Figure 2: The branching ratios of Z ′ into the various modes as a function of its mass for A1 (left),
Z̃1 (center) and Z̃X1 (right).

two leading channels tt̄ and WW are comparable. For Z̃1, the leading channel is Zh and the next

is tt̄. The suppressed coupling to WW can be understood from the equivalence theorem – for the

mass range shown it happens that the eaten charged Goldstone boson almost decouples from this

state5. A similar argument, but for the eaten neutral Goldstone boson explains the suppression of

the Zh mode in the case of Z̃X1. In all cases, the charged lepton mode ℓℓ is very small, ranging in

10−3 − 10−4. As a representative, in Table 1 we show the partial widths and the decay branching

ratios for MZ′ = 2 TeV.

Table 1: Partial widths and decay branching ratios for MZ′ = 2 TeV.

A1 Z̃1 Z̃X1

Γ(GeV) BR Γ(GeV) BR Γ(GeV) BR
t̄t 55.8 0.54 18.3 0.16 55.6 0.41
b̄b 0.9 8.7× 10−3 0.12 10−3 28.5 0.21
ūu 0.28 2.7× 10−3 0.2 1.7× 10−3 0.05 4× 10−4

d̄d 0.07 6.7× 10−4 0.25 2.2× 10−3 0.07 5.2× 10−4

ℓ+ℓ− 0.21 2× 10−3 0.06 5× 10−4 0.02 1.2× 10−4

W+
L W−

L 45.5 0.44 0.88 7.7× 10−3 50.2 0.37
ZLh - - 94 0.82 2.7 0.02
Total 103.3 114.6 135.6

The Z̃1 and Z̃X1 BR’s into some modes show interesting behavior due to the following: For

5Here the SU(2)L,R couplings are set to be equal, as explained in appendix A.
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Randall-Sundrum beyond Heavy Vector Triplet scenario→
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Top quark decay at the Top Factory
t → BSM

•can we find a (light) state 
in the mass range not 
currently investigated by 
the LHC?


•can we find a new state in 
the final states not 
currently investigated by 
the LHC?
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Top quark decay at the Top Factory
ATLAS 2301.03902, 1806.02836 Banerjee, Chala, Spannowsky, 

23

DESY theory workshop, September 26, 2019

One extra singlet: SO(6)→ SO(5)

2. Rare top decays. About O(10 ) ttbar ⁶

events at 350 GeV FCC-ee, ILC, ... 

HL-LHC

Banerjee, MC, Spannowsky ‘18

g

g

b̄ l
ν̄l

b̄

b

q = u/c

t X

t̄

W−
−

Figure 1: Leading-order Feynman diagram for the production of a scalar particle - in association with a top quark.

2 ATLAS detector

ATLAS [15–17] is a multipurpose detector with a forward–backward symmetric cylindrical geometry and
a near 4c coverage in solid angle.1 It consists of an inner tracking detector (ID) surrounded by a thin
superconducting solenoid providing a 2 T axial magnetic field, electromagnetic and hadron calorimeters,
and a muon spectrometer (MS). The ID covers the pseudorapidity range |[ | < 2.5. It consists of silicon
pixel, silicon microstrip, and transition radiation tracking detectors. Lead/liquid-argon (LAr) sampling
calorimeters provide electromagnetic (EM) energy measurements with high granularity. A steel/scintillator-
tile hadron calorimeter covers the central pseudorapidity range (|[ | < 1.7). The endcap and forward
regions are instrumented with LAr calorimeters for EM and hadronic energy measurements up to |[ | = 4.9.
The MS surrounds the calorimeters and is based on three large air-core toroidal superconducting magnets
with eight coils each. The field integral of the toroids ranges between 2.0 and 6.0 T m across most of the
detector. The MS includes a system of precision tracking chambers and fast detectors for triggering. The
first-level trigger is implemented in hardware and uses a subset of the detector information to accept events
at a rate below 100 kHz [18]. This is followed by a software-based trigger that reduces the accepted event
rate to 1 kHz on average depending on the data-taking conditions. An extensive software suite [19] is used
for real and simulated data reconstruction and analysis, for operation and in the trigger and data acquisition
systems of the experiment.

3 Object definition and event selection

Data were recorded from ?? collisions at
p
B = 13 TeV with the ATLAS detector between 2015 and 2018.

Only data consistent with the beam collision region and for which all relevant detector components were
functional are used [20]. The total integrated luminosity is 139 fb�1 [21, 22]. Events were recorded with
a single-electron or a single-muon trigger, with minimum thresholds on the transverse momentum (?T)
varying from 20 to 26 GeV depending on the lepton flavour and peak instantaneous luminosity during

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the I-axis along the beam pipe. The G-axis points from the IP to the centre of the LHC ring, and the H-axis points
upwards. Cylindrical coordinates (A, q) are used in the transverse plane, q being the azimuthal angle around the I-axis.
The pseudorapidity is defined in terms of the polar angle \ as [ = � ln tan(\/2). Angular distance is measured in units of
�' ⌘

p
(�[)2 + (�q)2.
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Figure 9: Expected and observed 95% CL upper limits for B(C ! D-) ⇥ B(- ! 11̄) (a) and B(C ! 2-) ⇥
B(- ! 11̄) (b). The bands surrounding the expected limits show the 68% and 95% confidence intervals, respectively.
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Figure 9: Expected and observed 95% CL upper limits for B(C ! D-) ⇥ B(- ! 11̄) (a) and B(C ! 2-) ⇥
B(- ! 11̄) (b). The bands surrounding the expected limits show the 68% and 95% confidence intervals, respectively.
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Ample room for improvement with top factory

, t → ϕq ϕ → bb

New terrain of search for mX outside the range studied by LHC (e.g. mX  [10,20] GeV )∈
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Top quark decay at the Top Factory
t → ϕq, ϕ → bb̄

• Delphes simulation using IDEA detector card 

• First look at semi-leptonic final states 

• So far simple analysis pipeline already shows potential 

for signal-vs-background discrimination 

• N=4 Durham exclusive jet clustering so far, other 

possibilities to be investigated 

• Still can exploit jet flavor tagging, angular variables, …

Kevin Mota and Kirill Skovpen started to work on IDEA projections for this decay

mϕ = 100 GeV
e+e− → tt̄ → bℓν b̄qq′ 

e+e− → tt̄ → q(bb̄)ϕ bℓν

1
σ

dσ
mjj

mjj [GeV]

Preliminary
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NP in top quark production
e+e− → ttϕ

•can we find a light new 
state produced in 
association with  during 
a threshold scan at 

350 GeV?


•can we find a a light new 
state in the “above”  
threshold operation of the 
top quark factory  
365 or 380 GeV ?

tt̄

s =

tt̄

s =

threshold studies with BSM


