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introduction
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)
the top quark is quite likely intimately 

linked to Electro-Weak Symmetry Breaking

A. Papaefstathiou

phenomenological  
projections

7

• search for hh at LHC14 in final states:

hh ! (bb̄)(⌧+⌧�)

hh ! (bb̄)(��)

hh ! (bb̄)(W+W�)

hh ! (bb̄)(bb̄)

(+) (-)
low bkgs, large BR τ-tagging

v. low bkgs, mγγ low σ and j-to-γ 

leptons+Emiss tt̄

highest BR (~1/3) QCD

• discovery of SM signal at high-lumi LHC (3000 fb-1) 
seems very likely!

mtop ⇠ vp
2
⇠ 174 GeV

(or:             )  yt ' 1
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introduction
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)
the top quark carries colour charge

+ decays before hadronisation (mostly) through t ➞Wb,

unique amongst quarks. 

+ QCD pair production with large cross sections 
@ hadron colliders:

 (LO diags.)
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LHC exploration (ATLAS)
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cross section: �(tt̄)LHC ⇠ O(1 nb)

[ATLAS: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults]

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
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[CMS: http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP/index.html]

LHC exploration (CMS)

http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP/index.html
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top quarks at pp@100 TeV
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pp@100 TeV cross section:

⇒ ~1012 top quarks produced in O(10) ab-1 ,
⇒ excellent opportunity for:

‣ tests of QCD: through production mechanism.

‣ + electro-weak (or new) physics: through decays.

�(tt̄)FCC�hh ⇠ O(35 nb)
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top quarks at pp@100 TeV

!6

pp@100 TeV cross section:

⇒ ~1012 top quarks produced in O(10) ab-1 ,
⇒ excellent opportunity for:

‣ tests of QCD: through production mechanism.

‣ + electro-weak (or new) physics: through decays.

�(tt̄)FCC�hh ⇠ O(35 nb)

our focus in this talk
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a survey of top quark decays
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most top decays highly suppressed in SM:
⇒ an excellent window to probe new phenomena.

Channel Br

(SM)

t ! bW 1

t ! sW 1.6 · 10
�3

t ! dW ⇠ 10
�4

[9] D. Atwood, L. Reina, A. Soni, Phys.Rev.D55:3156-3176,1997, [hep-
ph/9609279v1].

[10] T. Gao, T. Feng and J. Chen, JHEP 1302 (2013) 029, [arXiv:1303.0082].

[11] CMS Collaboration, JHEP 1604 (2016) 035, [arXiv:1511.03951].

[12] B. Mele, S. Petrarca, A. Soddu, Phys.Lett.B435:401-406,1998, [hep-
ph/9805498].

[13] J. A. Aguilar-Saavedra, Acta Phys.Polon.B35:2695-2710,2004, [hep-
ph/0409342].

[14] C. Zhang and F. Maltoni, Phys. Rev. D 88 (2013) 054005, [hep-
ph/1305.7386].

[15] Atlas Collaboration, JHEP 12 (2015) 061, [arXiv:1509.06047].
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t

W

q

e.g.: “CKM” decays:

~ Vtq
⇠
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e.g. in MSSM: 
BR(t ➞ sW) ~ 10-2

[Diaz-Cruz, Gaitan-Lozano, Lopez-Castro, 
Pagliarone, 0712.3782]

t

W

q

e.g.: “CKM” decays:

~ Vtq
⇠
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a survey of top quark decays
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e.g.: “radiative” decays:
Channel Br

(SM)

t ! bWg 0.3

(Eg > 10 GeV)

t ! bW� 3.5 · 10
�3

(E� > 10 GeV)

t ! bWZ 2 · 10
�6

t ! bWH 1.8 · 10
�9

4

t

W

b

B (=g, γ, Z, H)

e.g.:

[Mele, hep-ph/0003064], [Mahlon, hep-ph/9810485], [Han, Ruiz, 1312.3324]
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a survey of top quark decays
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e.g.: “exotic” decays:

t

e.g.:
c

b, d, s

W+

W-

Channel Br

(SM)

cWW 1.3 · 10
�13

u� (3.7
+2.7
�2.3) · 10

�16

c� 5 · 10
�13

[7]

(4.6
+2.0
�1.2) · 10

�14
[6]

ug (3.7
+2.8
�2.3) · 10

�14
[6]

cg (4.6
+2.4
�1.2) · 10

�12
[6]

uZ 8 · 10
�17

[13]

cZ 1.3 · 10
�13

[9, 2]

10
�14

[13]

uH 2.0 · 10
�17

[13]

cH 0.4605 · 10
�13

mH = 120 GeV [12]

0.3146 · 10
�13

mH = 130 GeV [12]

c�� < 10
�16

[2]

5

[see backup slides for references]

10�12 � 10�17
BRs ~
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t ! bWZ BR(SM) ⇠ 2⇥ 10�6
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radiative decay with a Z boson:
t ➞ bWZ
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t > b w+ z page 1/1
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(example) additional diagrams: pure t ➞ bWZ cannot be defined. 
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2 A. Papaefstathiou and G. Tetlalmatzi-Xolocotzi: Rare top quark decays at a 100 TeV

tive interaction between the top quark, the charm quark and the
Higgs boson.

This paper is organised as follows: in section 2 we con-
sider theoretical aspects of the t ! bWZ decay and construct
a simple phenomenological analysis to assess its observability
at the FCC-hh within the SM. To complement this analysis, we
study the allowed size of an enhancement to the decay rate due
to the presence of a charged heavy scalar boson contribution,
given current experimental constraints. Subsequently, in sec-
tion 3, we analyse the decay t ! hc, taking into account the ef-
fective coupling h-t-c and extract a bound by looking at a clean
final state at the FCC-hh, with h ! gg . Finally, we present our
conclusions in section 4.

2 Top quark decays to bWZ

2.1 Theoretical considerations

2.1.1 Defining the final state

The ‘cleanest’ channels in which the process t ! bWZ con-
tributes are those containing multiple leptons. Here we will fo-
cus on the cases t ! be+neµ+µ� and t ! b j jµ+µ�, which
receive contributions from other intermediate states in addition
to t ! bWZ. We examine the observability of these processes
by looking at the particle content in the final states only and we
do not attempt to separate the t ! bWZ contribution.1

In Ref. [1], the ratio R=BR(t ! bµnµ nn̄)/[BR(W ! µnµ)⇥
BR(Z ! nn̄)] was considered as a definition of the process
t ! bWZ. Taking into account that the top quarks are on-shell,
we can use an equivalent definition:

R0 =
BR

⇣
pp ! tt̄ ! (bµ+nµ nn̄)t̄

⌘

h
BR

⇣
pp ! tt̄ ! (bµ+nµ)t̄

⌘
⇥BR(Z ! nn̄)

i . (1)

We have calculated R0 by using the MG5 aMC@NLO Monte Carlo
event generator [15, 16]. Within the given errors, the results for
R0 are in good agreement with those for the ratio R appearing
in the third column of Table 2 of Ref. [1]. To make a direct
comparison, we show the results in Table 1, where we have
used the values of the masses and constants given in Table 1 of
Ref. [1].

2.1.2 Next-to-leading order corrections

Since the decay process occurs close to the top mass thresh-
old, it is interesting to investigate the impact of next-to-leading
order (NLO) QCD corrections. To consider a scenario which
might be realistic in a phenomenological study, we examine
corrections to the decay process t ! be+neµ+µ�, with the in-
variant mass of µ+µ� pair taken to lie above 70 GeV to remove
the photon contribution, g ! µ+µ�. We use MG5 aMC@NLO to
calculate the SM decay width, G , setting mt = 173 GeV and
varying the bottom mass between 0.2 and 5.2 GeV. In Figure 1

1 This separation is not possible due to interference of the t ! bWZ
contribution with other diagrams.

mt [GeV] R0 R (Ref. [1])
170 1.55⇥10�6 1.53(4)⇥10�6

171 1.62⇥10�6 -
172 1.71⇥10�6 -
173 1.79⇥10�6 -
174 1.89⇥10�6 -
175 2.00⇥10�6 1.96(5)⇥10�6

Table 1. The ratio of branching ratios defines the t ! bWZ as de-
scribed in the main text. The results of Ref. [1] are only provided in
5 GeV intervals.

Fig. 1. The decay width of the process t ! be+neµ+µ� for
m(µ+µ�) > 70 GeV at leading order and next-to-leading order in
QCD as a function of the bottom quark mass. The lower inset shows
the ratio of NLO to LO.

we show the variation of the decay width as a function of the in-
put bottom mass. In addition, we also present the ratio between
the NLO and the leading order (LO) corrections in the lower in-
set. It is evident that the NLO corrections reduce the branching
ratio by about 10%. The impact of increasing the b-quark mass
is larger at NLO than at LO, which is due to the phase space
becoming even more restricted close to the top mass threshold.
Given the null results of the phenomenological analyses (see
below), we do not consider higher-order corrections in more
detail.

2.2 Phenomenological analysis for t ! bWZ

We construct a simple phenomenological analysis to determine
whether a FCC-hh at 100 TeV will be sensitive to the SM top
radiative decay t ! bWZ. We focus on the final states that arise
through top pair production that contain one “signal” top de-
caying into 3 leptons and the other top decaying fully hadroni-
cally, i.e.

pp ! tt̄ ! (b`
0+n``+`�)(b̄ j j) , (2)

and its charge-conjugate, where j is any light-flavour jet. In ad-
dition we also consider the case where one of the top quarks de-
cays to oppositely-charged leptons and the other to only hadronic

Width

bottom quark mass

~10% reduction of 
BR at NLO QCD

[A.P., Tetlalmatzi-Xolocotzi, arXiv:1712.06332]

)
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challenges for (SM) t ➞ bWZ
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signal decay is very close to threshold!: 

mt(⇠ 173.1 GeV) ' mb +mW +mZ(⇠ 175.8 GeV)

b-jets are softer in signal than backgrounds.

[A.P., Tetlalmatzi-Xolocotzi, arXiv:1712.06332]

only possible due to off-shell particles: 
SM BR ~2x10-6 )

)
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analysis for (SM) t ➞ bWZ
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we looked at two final states: 

) challenging, even at FCC-hh!

pp ! tt̄ ! (b`
0+⌫``

+`�)(b̄jj) (3-lepton)

pp ! tt̄ ! (bjjµ+µ�)(b̄jj) (2-lepton)

and only backgrounds arising from: pp ! tt̄Z

both analyses less than 1σ for SM@10/ab.)

[A.P., Tetlalmatzi-Xolocotzi, arXiv:1712.06332]
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can a new charged heavy scalar enhance the BR? 

!16 [A.P., Tetlalmatzi-Xolocotzi, arXiv:1712.06332]

NO! only up to BR ~ 2 x BR(SM).)
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analyses at 8 TeV that appear in Refs. [25, 26]. In Ref. [25], the
process gb ! H�t ! (t̄b)t (and charge conjugate) was searched
for by the ATLAS experiment, using data corresponding to an
integrated luminosity of 20.3 fb�1. The diagram contributing
to this channel, shown on the left in Fig. 2, has a rate that is
directly proportional to the quartic power of the H± � t � b
coupling. Similarly, in Ref. [26], the final state H± ! W±Z
was searched for using an equivalent dataset in vector boson
fusion. The latter process, shown on the right in Fig. 2, has a
rate proportional to the quartic power of the H± �W± �Z cou-
pling.

Fig. 3. The 95% C.L. limits on the decay width of the process t !
be+neµ+µ� for m(µ+µ�) > 70 GeV at leading order through a hy-
pothetical heavy charged scalar that couples only to W±Z and top and
bottom quarks. The constraints on the couplings were obtained from
the ATLAS experimental analyses at 8 TeV [25, 26].

We simulate these two processes at LO using MG5 aMC@NLO
and assume that the new scalar only possesses these two in-
teractions. Hence, using the results obtained in the aforemen-
tioned articles [25, 26], we derive constraints for the maximum
and minimum allowed values of the decay width at LO. These
are shown in Fig. 3. Evidently the enhancement factor is mod-
erate over the range of scalar boson masses considered, with a
maximal value of O(2) for a heavy charged Higgs boson mass
of ⇠ 200 GeV. Hence we can conclude that the addition of a
heavy charged scalar cannot render this process observable at
a 100 TeV collider. Note that due to the interference of the SM
diagrams with the charged scalar diagrams, which can be neg-
ative, the decay width can possess values lower than those of
the SM.

3 Top quark decays to Higgs boson-charm

quark

3.1 The h-t-c coupling

We now turn to the investigation of flavour-changing neutral
decays of the top quark. We consider gauge-invariant and renor-
malizable Yukawa interactions of the form

Lthc = l h
ct Q̄cHqt +h.c. , (6)

where Qi is a left-handed doublet, q j is a right-handed singlet
and H is the SM Higgs doublet. We constrain our analysis to
real and symmetric couplings: l h

ct = l h
tc = (l h

ct)
† = (l h

tc)
†.

Here we focus on the resulting top quark decay t ! hc, in-
duced by couplings of the above kind. We also note that these
couplings can lead to other interesting final states [27]. Various
studies have already examined this process at the LHC [14, 27,
28], with the current best experimental constraint on BR(t !
hc) at the LHC being 0.22% at 95% C.L., coming from AT-
LAS 13 TeV data (36.1 fb�1) in the di-photon channel [29].
The corresponding best constraint at CMS is currently 0.47%
through h ! bb̄ decays [31]. Naive extrapolation of the 13 TeV
ATLAS result [29] to the high-luminosity LHC demonstrates
that an integrated luminosity of 3000 fb�1 implies an ultimate
constraint of BR(t ! hc) . 0.019% through the h ! gg chan-
nel alone.5 It is important to note here that the LHC analyses
do not consider the tagging of charm jets in the derivation of
these constraints. This implies that these limits are associated
with the crucial assumption that the t ! hu decay will be either
absent or sub-dominant with respect to t ! hc. Alternatively,
one can use these analyses to impose constraints on t ! hu,
assuming t ! hc is absent or sub-dominant.

In the present study we will analyse the prospect of con-
straining BR(t ! hc) and l h

ct through top quark pair production
at the FCC-hh. To the best of our knowledge this represents the
first estimate for a constraint on this coupling at the FCC-hh.
Among all the decay channels, the one expected to provide the
strongest contribution in the combination for the constraint is
the one involving the transition h ! gg , and therefore we will
focus on it in the present study. In our analysis we consider
both the scenario with and that without charm-jet tagging, with
values for the tagging efficiencies motivated by current LHC
considerations [32].

3.2 Phenomenological analysis for t ! hc

Process shad.
gen [pb] s s.l.

gen [pb]
pp ! tt̄ ! (hc)t̄+ h.c. 0.332 0.122
pp ! tt̄h 0.044 0.030
pp ! h j jW± 0.022 0.070
pp ! tt̄gg 0.042 0.028
pp ! gg j jW± 1.294 0.424

Table 2. The starting signal and background cross sections considered
in the analyses of the top quark pair production search for the t ! hc
decay. For simplicity, we have rescaled the leading-order cross sec-
tions for all processes by a k-factor of 2. This approximation does not
have a significant impact on our conclusions. The second and third
columns show the generation-level cross sections for the hadronic and
semi-leptonic cases, respectively, see main text for further details. The
signal cross sections are shown for l h

ct = 0.1, which we take here as a
“working value”.

5 This is obtained by extrapolating the number of events for the
signal and backgrounds from 36.1 fb�1 to 3000 fb�1, assuming that
the experimental details and analysis remain unchanged.

SM 
width

width

heavy scalar mass

excluded

excluded

t

b

W±

Z
S±

i.e.:
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t ! ch BR(SM) ⇠ 10�13

[see appendix for diagrams]
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FCNC decay to Higgs + charm
‣ flavour-changing neutral current through:
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Lthc = �
h
ctQ̄cHqt + h.c. [here: real & symmetric couplings]

‣ LHC: top pair production, current best constraints:

ATLAS
(h ➞ γγ)

CMS
(h ➞bb̅)

BR < 0.22% 0.47%

‣ High-luminosity LHC projection: BR < 0.02% (h ➞ γγ). 

[A.P., Tetlalmatzi-Xolocotzi, arXiv:1712.06332]

*note: no c-tagging employed: constrain 
combination of t ➞ hc and t ➞ hu.

[13 TeV,  ~36 fb-1]
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t ➞ hc @ FCC-hh
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‣ look at                                   . 

[A.P., Tetlalmatzi-Xolocotzi, arXiv:1712.06332]

pp ! tt̄ ! (hc)t̄ [and charge conjugate]

‣ h ➞ γγ + two signal regions: (i) fully hadronic or (ii) semi-
leptonic decays of the “non-signal” top.

‣ two analyses: (i) with or (ii) without c-tagging.

‣ MG5_aMC@NLO [parton level] + HERWIG 7 [parton 
shower/non-pert. effects].

[see appendix for details]

‣ (very) rough estimates of systematics by rescaling 
backgrounds by a factor α. 
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L = 10 ab�1

Process Nhad.
no c�tag Ns.l.

no c�tag
pp ! tt̄ ! (hc)t̄+ h.c. 191871 61124
pp ! tt̄h 26533 6962
pp ! h j jW± 66 19
pp ! gg j jW± 7130 164
pp ! tt̄gg 1598 478

Table 5. As for Table 4, but without charm-jet tagging.

in Tables 4 and 5 for the cases with and without charm tagging,
respectively, at an integrated luminosity of L = 10 ab�1.

3.3 Constraints for t ! hc

To take into account the effect of the presence of systematic
uncertainties, we assume that they only affect the total number
of background events, B, by inducing a systematic uncertainty
DB = aB, with a � 0 parameterising the effect. We add this in
quadrature to the statistical uncertainty on the expected num-
ber of events. We therefore show results for values of a cor-
responding to no systematics (a = 0) to demonstrate the ulti-
mate precision at the future collider, low systematic uncertainty
(a = 0.05), and high systematic uncertainty (a = 0.2). For the
ATLAS analysis of [29] we have deduced that the current sys-
tematic uncertainty would correspond to a ' 0.063 and we de-
rive results for an extrapolation to the high-luminosity LHC
data set (3000 fb�1) either using this value or setting a = 0 as
the best-case scenario.

We show the resulting constraints on the percent branching
ratio in Fig. 4. The values for 95% C.L. upper limits are also
given in Table 6. Both the analyses with and without charm-jet
tagging are able to provide constraints on the branching ratio
of O(10�3)%. A naive statistical combination of the hadronic
and semi-leptonic channels yields 95% C.L. upper limits on
BR(t ! hc) of (8.5 ⇥ 10�4)% for the case with charm-jet tag-
ging and (4.4⇥10�4)% without for the case of no systematics
(a = 0).9 For the cases a = (0.05,0.2) the combination yields:
BR(t ! hc) of (1.8,6.1)⇥ 10�3)% for the case with charm-
jet tagging and (2.8,11.1)⇥10�3)% without, respectively. We
also show the extrapolation of the ATLAS constraints of [29],
which is at least an order of magnitude worse than the results
of the present analysis for comparable systematics, correspond-
ing to BR(t ! hc) of (1.9,9.7)⇥10�2% for a = (0,0.063) re-
spectively.10 This would correspond to the case of no charm-jet
tagging of the present analysis.11

9 The naive statistical combination employed here adds the Gaus-
sian significances linearly: stotal = Âk

i=1
sip

k
. This provides a conser-

vative estimate of the combined significance [37].
10 These estimates are in agreement with the HL-LHC projections

found in Ref. [30].
11 The increase in signal cross section from 13 TeV to 100 TeV is ⇠

40, whereas for the pp ! tt̄h background this increase is ⇠ 70. Given
that we are now considering 10 ab�1 versus 3 ab�1 at the HL-LHC,
the naive increase in significance is ⇠ (40/

p
70)⇥

p
10/3 ⇠ 9, which

would imply an order of magnitude improvement on the branching
ratio measurements from 13 TeV to 100 TeV, provided the kinematical
structure scales in a similar way for signal and background.

Fig. 4. The upper limits on the branching ratio BR(t ! hc) as a per-
centage of the total, as calculated by each of the phenomenological
analyses of this article for a 100 TeV FCC-hh with an integrated lu-
minosity of 10 ab�1. The (blue and red) bars represent the 95% C.L.
limits taking into account systematic uncertainties a = (0,0.05,0.2)
going from darker to lighter-shaded, respectively. The blue bars rep-
resent the cases with charm-jet tagging applied, whereas the red bars
represent the cases without it. The darker grey bar represents a naive
statistical extrapolation of the ATLAS constraints that appear in [29]
to the full high-luminosity LHC data set (3000 fb�1) in the absence
of systematic uncertainties (a = 0) and the lighter-shaded grey area
roughly takes into account the current estimate of the systematic un-
certainties, corresponding to a ' 0.063.

with c-tagging:
analysis: hadr., semi-lept.
l h

ct ⇥10�3 (6.42, 10.15, 19.40) (7.40, 9.52, 17.08)
BR in 10�3% (1.08, 2.70, 9.91) (1.44, 2.39, 7.69)

no c-tagging:
l h

ct ⇥10�3 (4.43, 13.61, 27.15) (5.38, 11.32, 22.36)
BR in 10�3% (0.52, 4.99, 19.42) (0.76, 3.38, 13.17)

Table 6. The 95% C.L. upper limits as calculated by each of the phe-
nomenological analyses of this article for a 100 TeV FCC-hh with an
integrated luminosity of 10 ab�1 corresponding to the systematic un-
certainty parameter values a = (0,0.05,0.2) as described in the main
text. We give the limits on the branching ratios for the top quark as a
percentage of the total as well as the associated values of the coupling,
l h

ct . The results for BR(t ! hc) are also given graphically in Fig 4.

4 Conclusions

We have investigated the rare top quark decay processes t !
bWZ and t ! hc at a future circular hadron collider running
at 100 TeV with 10 ab�1 of integrated luminosity. We have
demonstrated that it will be extremely challenging to observe
a final state in which the t ! bWZ process contributes. This is
true even in the case of the presence of new physics contribu-
tions allowed by current LHC constraints. On the other hand,

constraints for BR(t ➞ hc) @ FCC-hh

!20

[A.P., Tetlalmatzi-Xolocotzi, 
arXiv:1712.06332]

α = 5% 
α= 0

α = 20% 

a

α = 6.3%

α = 0

[see appendix for 
numerical results]

systematics:

FCC-hh better 
than HL-LHC 
by at least an 
order of 
magnitude.

)
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conclusions
• ~1012 top quarks produced over the FCC-hh lifetime: an excellent 

opportunity to study its properties. 

• in particular: rare top decays.

• we have examined t ➞ bWZ and t ➞ hc in our study.

• the SM radiative decay t ➞ bWZ  will be difficult to observe and heavy 
scalars do not increase the rate enough.

• for t ➞ hc: FCC-hh better than HL-LHC by at least an order of 
magnitude.

• outlook: what can the FCC-hh deliver on other rare decays?

!21
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Thanks!
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analysis summary: t ➞ hc @ FCC-hh
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[A.P., Tetlalmatzi-Xolocotzi, arXiv:1712.06332]
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analyses at 8 TeV that appear in Refs. [25, 26]. In Ref. [25], the
process gb ! H�t ! (t̄b)t (and charge conjugate) was searched
for by the ATLAS experiment, using data corresponding to an
integrated luminosity of 20.3 fb�1. The diagram contributing
to this channel, shown on the left in Fig. 2, has a rate that is
directly proportional to the quartic power of the H± � t � b
coupling. Similarly, in Ref. [26], the final state H± ! W±Z
was searched for using an equivalent dataset in vector boson
fusion. The latter process, shown on the right in Fig. 2, has a
rate proportional to the quartic power of the H± �W± �Z cou-
pling.

Fig. 3. The 95% C.L. limits on the decay width of the process t !
be+neµ+µ� for m(µ+µ�) > 70 GeV at leading order through a hy-
pothetical heavy charged scalar that couples only to W±Z and top and
bottom quarks. The constraints on the couplings were obtained from
the ATLAS experimental analyses at 8 TeV [25, 26].

We simulate these two processes at LO using MG5 aMC@NLO
and assume that the new scalar only possesses these two in-
teractions. Hence, using the results obtained in the aforemen-
tioned articles [25, 26], we derive constraints for the maximum
and minimum allowed values of the decay width at LO. These
are shown in Fig. 3. Evidently the enhancement factor is mod-
erate over the range of scalar boson masses considered, with a
maximal value of O(2) for a heavy charged Higgs boson mass
of ⇠ 200 GeV. Hence we can conclude that the addition of a
heavy charged scalar cannot render this process observable at
a 100 TeV collider. Note that due to the interference of the SM
diagrams with the charged scalar diagrams, which can be neg-
ative, the decay width can possess values lower than those of
the SM.

3 Top quark decays to Higgs boson-charm

quark

3.1 The h-t-c coupling

We now turn to the investigation of flavour-changing neutral
decays of the top quark. We consider gauge-invariant and renor-
malizable Yukawa interactions of the form

Lthc = l h
ct Q̄cHqt +h.c. , (6)

where Qi is a left-handed doublet, q j is a right-handed singlet
and H is the SM Higgs doublet. We constrain our analysis to
real and symmetric couplings: l h

ct = l h
tc = (l h

ct)
† = (l h

tc)
†.

Here we focus on the resulting top quark decay t ! hc, in-
duced by couplings of the above kind. We also note that these
couplings can lead to other interesting final states [27]. Various
studies have already examined this process at the LHC [14, 27,
28], with the current best experimental constraint on BR(t !
hc) at the LHC being 0.22% at 95% C.L., coming from AT-
LAS 13 TeV data (36.1 fb�1) in the di-photon channel [29].
The corresponding best constraint at CMS is currently 0.47%
through h ! bb̄ decays [31]. Naive extrapolation of the 13 TeV
ATLAS result [29] to the high-luminosity LHC demonstrates
that an integrated luminosity of 3000 fb�1 implies an ultimate
constraint of BR(t ! hc) . 0.019% through the h ! gg chan-
nel alone.5 It is important to note here that the LHC analyses
do not consider the tagging of charm jets in the derivation of
these constraints. This implies that these limits are associated
with the crucial assumption that the t ! hu decay will be either
absent or sub-dominant with respect to t ! hc. Alternatively,
one can use these analyses to impose constraints on t ! hu,
assuming t ! hc is absent or sub-dominant.

In the present study we will analyse the prospect of con-
straining BR(t ! hc) and l h

ct through top quark pair production
at the FCC-hh. To the best of our knowledge this represents the
first estimate for a constraint on this coupling at the FCC-hh.
Among all the decay channels, the one expected to provide the
strongest contribution in the combination for the constraint is
the one involving the transition h ! gg , and therefore we will
focus on it in the present study. In our analysis we consider
both the scenario with and that without charm-jet tagging, with
values for the tagging efficiencies motivated by current LHC
considerations [32].

3.2 Phenomenological analysis for t ! hc

Process shad.
gen [pb] s s.l.

gen [pb]
pp ! tt̄ ! (hc)t̄+ h.c. 0.332 0.122
pp ! tt̄h 0.044 0.030
pp ! h j jW± 0.022 0.070
pp ! tt̄gg 0.042 0.028
pp ! gg j jW± 1.294 0.424

Table 2. The starting signal and background cross sections considered
in the analyses of the top quark pair production search for the t ! hc
decay. For simplicity, we have rescaled the leading-order cross sec-
tions for all processes by a k-factor of 2. This approximation does not
have a significant impact on our conclusions. The second and third
columns show the generation-level cross sections for the hadronic and
semi-leptonic cases, respectively, see main text for further details. The
signal cross sections are shown for l h

ct = 0.1, which we take here as a
“working value”.

5 This is obtained by extrapolating the number of events for the
signal and backgrounds from 36.1 fb�1 to 3000 fb�1, assuming that
the experimental details and analysis remain unchanged.

‣ signal (λ=0.1) and background initial cross sections:

t̄ ! b̄jj t̄ ! b̄`⌫̄`



A. Papaefstathiou & G. Tetlalmatzi-Xolocotzi 

analysis summary: t ➞ hc @ FCC-hh

!25

[A.P., Tetlalmatzi-Xolocotzi, arXiv:1712.06332]

A. Papaefstathiou and G. Tetlalmatzi-Xolocotzi: Rare top quark decays at a 100 TeV 5

We have implemented the interaction described by Eq. (3.1)
in a UFO [33] model which we interface to MG5 aMC@NLO to
generate signal pp ! tt̄ ! (hc)t̄ (and the charge-conjugate pro-
cess) events. We also generate parton-level events for the back-
grounds using MG5 aMC@NLO and perform shower and hadroniza-
tion using HERWIG 7 as before. The background processes con-
sidered include those that include a Higgs boson in association
with other particles: pp ! tt̄h, pp ! h j jW± and those that
contain non-resonant di-photon production: pp ! tt̄gg , pp !
gg j jW±, where the W bosons were decayed to electrons or
muons. Generation-level cuts were applied on the non-resonant
photon samples: the photon transverse momentum was required
to lie in pT,g > 10 GeV, the distance between either a jet and a
photon or between two photons DR(g, j or g)> 0.1 and the in-
variant mass of the two photons to satisfy Mgg 2 [110,140] GeV.
In all background samples we asked for the generation-level
cuts on the jets and final-state leptons of pT > 20 GeV. The jets
have been merged to the HERWIG 7 parton shower at tree level
using the MLM method via the FxFx add-on module [34].6

Our analysis is divided into two cases, either with the “non-
signal” top decaying hadronically, (t ! b j j) or semi-leptonically
(t ! b`n). The starting cross sections for both the hadronic
and semi-leptonic final states, with the generation-level cuts de-
scribed above, are given in the second column of Table 2. For
the signal cross section we use a working value of l h

ct = 0.1. To
take into account higher-order effects and for the sake of sim-
plicity, we have rescaled the leading-order cross sections for all
processes by a k-factor of 2. This approximation does not have
a significant impact on our derived constraints and can be fully
addressed in a future analysis.

We identify photons and leptons by requiring pT > 25 GeV,
within |h | < 2.5 in both cases. We assume flat identification
efficiencies of b-jets of 70% and of c-jets of 20% and ask for
them to have pT > 25 GeV and lie within |h | < 2.5 GeV.7 We
consider mis-tagging rates for light jets to b-jets of 1%, and
to c-jets of 0.5%. The rate of mis-identification of b-jets to c-
jets was taken to be 12.5% and the rate for the converse was
taken to be 10% [32]. We do not consider mis-tagging of light
jets to photons in our analysis. We do not apply any detector
effects such as momentum smearing and we assume that jets,
leptons and photons are detected with 100% efficiency within
the considered coverage.8

In all cases, we ask for exactly one identified b-jet and at
least two photons. For the semi-leptonic top case we ask for
at least one lepton. We reconstruct the signal top quark from
the identified b-jets and di-photon system and ask for the mass
to lie within mggc 2 [160,190] GeV. Furthermore, we ask for
the di-photon invariant mass to reconstruct the Higgs boson
mass within 2 GeV: mgg 2 [123,127] GeV, the distance be-

6 Further details on the usage of this module for tree-level merging
will available in a future release of the HERWIG 7 manual.

7 In general charm-jet tagging is currently less developed than b-
jet tagging, see e.g. [32] for single-prong charm-jet tagging algorithm
and [35] for a double-charm-jet tagger used in the context of Higgs
searches.

8 As discussed in, e.g., [36], better forward detector coverage for
b-jet or photon identification, up to |h | ⇠ 3�3.5 may increase signal
efficiency at a future 100 TeV collider. In the present analysis we chose
to be conservative, allowing identified objects only within |h | < 2.5.

tween the photons to lie within DR(g,g)2 [1.8,5.0] and the dis-
tance between the di-photon system and the c-jet to lie within
DR(gg,c) < 1.8. In the case of no charm-jet tagging we sim-
ply consider all non-b-jets candidates as light. In practice, this
amounts to not having a specific tagging weight when consider-
ing “true” charm jets. In the semi-leptonic top case we assume
that the missing transverse energy is entirely due to the miss-
ing neutrino and reconstruct its z-component by solving the
quadratic equation m2

W = (p`+ pn)2, where p` and pn repre-
sent the 4-momenta of the hardest lepton and the missing neu-
trino respectively. Here, we take mW = 80.4 GeV. We then ask
for one of the two solutions to reconstruct the top mass when
combined with the b-jet within the range [150,200] GeV. In the
hadronic top case we consider the invariant mass of combina-
tions of the b-jet with one or two light jets and find the one
closest to the top mass, taking mtop = 173 GeV. We then ask
for this to lie in the same range: [150,200] GeV.

exactly one b-jet, pT > 25 GeV, |h | < 2.5,
Pb!b = 0.7, Pc!b = 0.1, Pl!b = 0.01,
� 2 photons, pT > 25 GeV, |h | < 2.5,

hadronic: semi-leptonic:
� 1 light jets, � 1 leptons, pT > 25 GeV,

|h | < 2.5,
top: combine b-jet + 1, 2 light

jets.
solve for pz

n using mass
constraint.

with c-tagging: no c-tagging:
Pc!c = 0.2, Pl!c = 0.005,

Pb!c = 0.125. no charm jets.
mtop, reco 2 [150,200] GeV.

mggc 2 [160,190] GeV,

Table 3. A summary of the selection criteria of the analysis for each
of the channels considered for the pp ! tt̄ ! (hc)t̄ process. The fi-
nal invariant mass cut, on mggc allows identification of the signal top
quark.

L = 10 ab�1

Process Nhad.
c�tag Ns.l.

c�tag
pp ! tt̄ ! (hc)t̄+ h.c. 22952 10260
pp ! tt̄h 1816 689
pp ! h j jW± 7 1
pp ! gg j jW± 211 2
pp ! tt̄gg 107 39

Table 4. The expected signal and background events at an integrated
luminosity of L = 10 ab�1 after applying the analyses in the search
for the t ! hc decay. The resulting event yields are shown for the
case where charm-jet tagging is considered for the hadronic and semi-
leptonic cases, see main text for further details. As before, the signal
cross sections are shown for the working value l h

ct = 0.1.

We summarise the main features of the analysis in Table 3.
The resulting event yields after applying the analyses are shown

‣ summary of analysis, “hadronic” or “semi-leptonic” analysis:
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‣ summary of resulting cross sections, “hadronic” or “semi-
leptonic” analysis:
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We have implemented the interaction described by Eq. (3.1)
in a UFO [33] model which we interface to MG5 aMC@NLO to
generate signal pp ! tt̄ ! (hc)t̄ (and the charge-conjugate pro-
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with other particles: pp ! tt̄h, pp ! h j jW± and those that
contain non-resonant di-photon production: pp ! tt̄gg , pp !
gg j jW±, where the W bosons were decayed to electrons or
muons. Generation-level cuts were applied on the non-resonant
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and semi-leptonic final states, with the generation-level cuts de-
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ct = 0.1. To
take into account higher-order effects and for the sake of sim-
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processes by a k-factor of 2. This approximation does not have
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to lie within mggc 2 [160,190] GeV. Furthermore, we ask for
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6 Further details on the usage of this module for tree-level merging
will available in a future release of the HERWIG 7 manual.

7 In general charm-jet tagging is currently less developed than b-
jet tagging, see e.g. [32] for single-prong charm-jet tagging algorithm
and [35] for a double-charm-jet tagger used in the context of Higgs
searches.

8 As discussed in, e.g., [36], better forward detector coverage for
b-jet or photon identification, up to |h | ⇠ 3�3.5 may increase signal
efficiency at a future 100 TeV collider. In the present analysis we chose
to be conservative, allowing identified objects only within |h | < 2.5.
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ing neutrino and reconstruct its z-component by solving the
quadratic equation m2

W = (p`+ pn)2, where p` and pn repre-
sent the 4-momenta of the hardest lepton and the missing neu-
trino respectively. Here, we take mW = 80.4 GeV. We then ask
for one of the two solutions to reconstruct the top mass when
combined with the b-jet within the range [150,200] GeV. In the
hadronic top case we consider the invariant mass of combina-
tions of the b-jet with one or two light jets and find the one
closest to the top mass, taking mtop = 173 GeV. We then ask
for this to lie in the same range: [150,200] GeV.

exactly one b-jet, pT > 25 GeV, |h | < 2.5,
Pb!b = 0.7, Pc!b = 0.1, Pl!b = 0.01,
� 2 photons, pT > 25 GeV, |h | < 2.5,

hadronic: semi-leptonic:
� 1 light jets, � 1 leptons, pT > 25 GeV,

|h | < 2.5,
top: combine b-jet + 1, 2 light

jets.
solve for pz

n using mass
constraint.

with c-tagging: no c-tagging:
Pc!c = 0.2, Pl!c = 0.005,

Pb!c = 0.125. no charm jets.
mtop, reco 2 [150,200] GeV.

mggc 2 [160,190] GeV,

Table 3. A summary of the selection criteria of the analysis for each
of the channels considered for the pp ! tt̄ ! (hc)t̄ process. The fi-
nal invariant mass cut, on mggc allows identification of the signal top
quark.

L = 10 ab�1

Process Nhad.
c�tag Ns.l.

c�tag
pp ! tt̄ ! (hc)t̄+ h.c. 22952 10260
pp ! tt̄h 1816 689
pp ! h j jW± 7 1
pp ! gg j jW± 211 2
pp ! tt̄gg 107 39

Table 4. The expected signal and background events at an integrated
luminosity of L = 10 ab�1 after applying the analyses in the search
for the t ! hc decay. The resulting event yields are shown for the
case where charm-jet tagging is considered for the hadronic and semi-
leptonic cases, see main text for further details. As before, the signal
cross sections are shown for the working value l h

ct = 0.1.

We summarise the main features of the analysis in Table 3.
The resulting event yields after applying the analyses are shown
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L = 10 ab�1

Process Nhad.
no c�tag Ns.l.

no c�tag
pp ! tt̄ ! (hc)t̄+ h.c. 191871 61124
pp ! tt̄h 26533 6962
pp ! h j jW± 66 19
pp ! gg j jW± 7130 164
pp ! tt̄gg 1598 478

Table 5. As for Table 4, but without charm-jet tagging.

in Tables 4 and 5 for the cases with and without charm tagging,
respectively, at an integrated luminosity of L = 10 ab�1.

3.3 Constraints for t ! hc

To take into account the effect of the presence of systematic
uncertainties, we assume that they only affect the total number
of background events, B, by inducing a systematic uncertainty
DB = aB, with a � 0 parameterising the effect. We add this in
quadrature to the statistical uncertainty on the expected num-
ber of events. We therefore show results for values of a cor-
responding to no systematics (a = 0) to demonstrate the ulti-
mate precision at the future collider, low systematic uncertainty
(a = 0.05), and high systematic uncertainty (a = 0.2). For the
ATLAS analysis of [29] we have deduced that the current sys-
tematic uncertainty would correspond to a ' 0.063 and we de-
rive results for an extrapolation to the high-luminosity LHC
data set (3000 fb�1) either using this value or setting a = 0 as
the best-case scenario.

We show the resulting constraints on the percent branching
ratio in Fig. 4. The values for 95% C.L. upper limits are also
given in Table 6. Both the analyses with and without charm-jet
tagging are able to provide constraints on the branching ratio
of O(10�3)%. A naive statistical combination of the hadronic
and semi-leptonic channels yields 95% C.L. upper limits on
BR(t ! hc) of (8.5 ⇥ 10�4)% for the case with charm-jet tag-
ging and (4.4⇥10�4)% without for the case of no systematics
(a = 0).9 For the cases a = (0.05,0.2) the combination yields:
BR(t ! hc) of (1.8,6.1)⇥ 10�3)% for the case with charm-
jet tagging and (2.8,11.1)⇥10�3)% without, respectively. We
also show the extrapolation of the ATLAS constraints of [29],
which is at least an order of magnitude worse than the results
of the present analysis for comparable systematics, correspond-
ing to BR(t ! hc) of (1.9,9.7)⇥10�2% for a = (0,0.063) re-
spectively.10 This would correspond to the case of no charm-jet
tagging of the present analysis.11

9 The naive statistical combination employed here adds the Gaus-
sian significances linearly: stotal = Âk

i=1
sip

k
. This provides a conser-

vative estimate of the combined significance [37].
10 These estimates are in agreement with the HL-LHC projections

found in Ref. [30].
11 The increase in signal cross section from 13 TeV to 100 TeV is ⇠

40, whereas for the pp ! tt̄h background this increase is ⇠ 70. Given
that we are now considering 10 ab�1 versus 3 ab�1 at the HL-LHC,
the naive increase in significance is ⇠ (40/

p
70)⇥

p
10/3 ⇠ 9, which

would imply an order of magnitude improvement on the branching
ratio measurements from 13 TeV to 100 TeV, provided the kinematical
structure scales in a similar way for signal and background.

Fig. 4. The upper limits on the branching ratio BR(t ! hc) as a per-
centage of the total, as calculated by each of the phenomenological
analyses of this article for a 100 TeV FCC-hh with an integrated lu-
minosity of 10 ab�1. The (blue and red) bars represent the 95% C.L.
limits taking into account systematic uncertainties a = (0,0.05,0.2)
going from darker to lighter-shaded, respectively. The blue bars rep-
resent the cases with charm-jet tagging applied, whereas the red bars
represent the cases without it. The darker grey bar represents a naive
statistical extrapolation of the ATLAS constraints that appear in [29]
to the full high-luminosity LHC data set (3000 fb�1) in the absence
of systematic uncertainties (a = 0) and the lighter-shaded grey area
roughly takes into account the current estimate of the systematic un-
certainties, corresponding to a ' 0.063.

with c-tagging:
analysis: hadr., semi-lept.
l h

ct ⇥10�3 (6.42, 10.15, 19.40) (7.40, 9.52, 17.08)
BR in 10�3% (1.08, 2.70, 9.91) (1.44, 2.39, 7.69)

no c-tagging:
l h

ct ⇥10�3 (4.43, 13.61, 27.15) (5.38, 11.32, 22.36)
BR in 10�3% (0.52, 4.99, 19.42) (0.76, 3.38, 13.17)

Table 6. The 95% C.L. upper limits as calculated by each of the phe-
nomenological analyses of this article for a 100 TeV FCC-hh with an
integrated luminosity of 10 ab�1 corresponding to the systematic un-
certainty parameter values a = (0,0.05,0.2) as described in the main
text. We give the limits on the branching ratios for the top quark as a
percentage of the total as well as the associated values of the coupling,
l h

ct . The results for BR(t ! hc) are also given graphically in Fig 4.

4 Conclusions

We have investigated the rare top quark decay processes t !
bWZ and t ! hc at a future circular hadron collider running
at 100 TeV with 10 ab�1 of integrated luminosity. We have
demonstrated that it will be extremely challenging to observe
a final state in which the t ! bWZ process contributes. This is
true even in the case of the presence of new physics contribu-
tions allowed by current LHC constraints. On the other hand,

t̄ ! b̄jj t̄ ! b̄`⌫̄`
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‣ summary of resulting cross sections, “hadronic” or “semi-
leptonic” analysis:
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Table 5. As for Table 4, but without charm-jet tagging.
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respectively, at an integrated luminosity of L = 10 ab�1.
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To take into account the effect of the presence of systematic
uncertainties, we assume that they only affect the total number
of background events, B, by inducing a systematic uncertainty
DB = aB, with a � 0 parameterising the effect. We add this in
quadrature to the statistical uncertainty on the expected num-
ber of events. We therefore show results for values of a cor-
responding to no systematics (a = 0) to demonstrate the ulti-
mate precision at the future collider, low systematic uncertainty
(a = 0.05), and high systematic uncertainty (a = 0.2). For the
ATLAS analysis of [29] we have deduced that the current sys-
tematic uncertainty would correspond to a ' 0.063 and we de-
rive results for an extrapolation to the high-luminosity LHC
data set (3000 fb�1) either using this value or setting a = 0 as
the best-case scenario.

We show the resulting constraints on the percent branching
ratio in Fig. 4. The values for 95% C.L. upper limits are also
given in Table 6. Both the analyses with and without charm-jet
tagging are able to provide constraints on the branching ratio
of O(10�3)%. A naive statistical combination of the hadronic
and semi-leptonic channels yields 95% C.L. upper limits on
BR(t ! hc) of (8.5 ⇥ 10�4)% for the case with charm-jet tag-
ging and (4.4⇥10�4)% without for the case of no systematics
(a = 0).9 For the cases a = (0.05,0.2) the combination yields:
BR(t ! hc) of (1.8,6.1)⇥ 10�3)% for the case with charm-
jet tagging and (2.8,11.1)⇥10�3)% without, respectively. We
also show the extrapolation of the ATLAS constraints of [29],
which is at least an order of magnitude worse than the results
of the present analysis for comparable systematics, correspond-
ing to BR(t ! hc) of (1.9,9.7)⇥10�2% for a = (0,0.063) re-
spectively.10 This would correspond to the case of no charm-jet
tagging of the present analysis.11
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ratio measurements from 13 TeV to 100 TeV, provided the kinematical
structure scales in a similar way for signal and background.

Fig. 4. The upper limits on the branching ratio BR(t ! hc) as a per-
centage of the total, as calculated by each of the phenomenological
analyses of this article for a 100 TeV FCC-hh with an integrated lu-
minosity of 10 ab�1. The (blue and red) bars represent the 95% C.L.
limits taking into account systematic uncertainties a = (0,0.05,0.2)
going from darker to lighter-shaded, respectively. The blue bars rep-
resent the cases with charm-jet tagging applied, whereas the red bars
represent the cases without it. The darker grey bar represents a naive
statistical extrapolation of the ATLAS constraints that appear in [29]
to the full high-luminosity LHC data set (3000 fb�1) in the absence
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Table 6. The 95% C.L. upper limits as calculated by each of the phe-
nomenological analyses of this article for a 100 TeV FCC-hh with an
integrated luminosity of 10 ab�1 corresponding to the systematic un-
certainty parameter values a = (0,0.05,0.2) as described in the main
text. We give the limits on the branching ratios for the top quark as a
percentage of the total as well as the associated values of the coupling,
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ct . The results for BR(t ! hc) are also given graphically in Fig 4.

4 Conclusions

We have investigated the rare top quark decay processes t !
bWZ and t ! hc at a future circular hadron collider running
at 100 TeV with 10 ab�1 of integrated luminosity. We have
demonstrated that it will be extremely challenging to observe
a final state in which the t ! bWZ process contributes. This is
true even in the case of the presence of new physics contribu-
tions allowed by current LHC constraints. On the other hand,

α = (0, 5%, 20%) systematics:
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Figure 2: Feynman graphs for the decay t → cH in the unitary gauge (mc = 0 is assumed).

One can also consider the radiative three-body decays t → bWg and t → bWγ. These channels suffer
from infrared divergences, and the evaluation of their rate requires a full detector simulation, including
for instance the effects of the detector resolution and the jet isolation algorithm. In an idealized situation
where the rate is computed in the t rest frame with a minimum cut of 10 GeV on the gluon or photon
energies, one finds [7] (see also [3]):

B(t → bWg) ≃ 0.3, (10)

B(t → bWγ) ≃ 3.5× 10−3. (11)

The FCNC decays t → cg, t → cγ and t → cZ occur at one loop, and are also GIM suppressed by a

factor m2
b

M2
W

in the amplitude. Hence, the corresponding rates are very small [8]:

B(t → cg) ≃ 5× 10−11 (12)

B(t → cγ) ≃ 5× 10−13 (13)

B(t → cZ) ≃ 1.3× 10−13 (14)

For a light Higgs boson, one can consider also the FCNC decay t → cH (fig. 2). A previous evaluation of
its rates [8] has now been corrected. For mH ≃ 100 (160) GeV, one gets then [9, 10]:

B(t → cH) ≃ 0.9× 10−13 (4 × 10−15). (15)

We conclude this section, by presenting in table 1 a summary of the expected decay rates for the main
top decay channels in the SM.

3 Beyond the Standard Model (BSM) decays

The fact that a measurement of the top width is not available and the branching ratio B(t → bW ) is
a model dependent quantity makes the present experimental constraints on the top BSM decays quite
weak. Hence, the large value of mt allows to consider the possibility of t decays into new massive states
with branching fraction of order B(t → bW ). Apart from the production of new final states with large
branching fractions, we will see that new physics could also give rise to a considerable increase in the
rates of many decay channels that in the SM framework are under the threshold of observability.

3

[Mele, hep-ph/0003064]

Feynman graphs for t ➞ ch

(unitary gauge, assuming mc = 0)
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Input � = 35 nb and
R
Ldt = 104 fb�1

Channel Br # events Br # events Br # events

(SM) (SM) (THDM) (THDM) (MSSM) (MSSM)

bW 1 35 · 10
10

sW 1.6 · 10
�3

5.6 · 10
8

⇠ 10
�3

⇠ 3.5 · 10
8

10
�3

� 10
�2

3.5 · (10
8
� ·10

9
)

[1] [2] [2]

dW ⇠ 10
�4

[1] 3.5 · 10
7

(⇠ 5.5 · 10
�5

[2]) (1.9 · 10
7
)

bWg 0.3 1.05 · 10
11

[1, 3]

bW� 3.5 · 10
�3

1.225 · 10
9

(E� > 10 GeV) [1]

bWZ 2 · 10
�6

7 · 10
5

' 10
�4

3.5 · 10
7

[1] [2]

bWH 1.80 · 10
�9

630

[4]

cWW 1.3 · 10
�13

0.0455 10
�4

� 10
�3

3.5 · (10
7
� 10

8
)

[5] [2]

u� (3.7
+2.7
�2.3) · 10

�16
[6] 1.295 · 10

�4
2 · 10

�6
[13] 7 · 10

5

c� 5 · 10
�13

[7] 0.175 O(10
�6

) [8] O(3.5 · 10
5
) O(10

�7
) [2] O(3.5 · 10

4
)

(4.6
+2.0
�1.2) · 10

�14
[6] 0.0161

ug (3.7
+2.8
�2.3) · 10

�14
[6] 0.01295 8 · 10

�5
[13] 2.8 · 10

7

cg (4.6
+2.4
�1.2) · 10

�12
[6] 1.61 10

�4
[13] 3.5 · 10

7
8.0 · 10

�5
[13] 2.8 · 10

7

uZ 8 · 10
�17

[13] 2.8 · 10
�5

2.0 · 10
�6

[13] 7.0 · 10
5

cZ 1.3 · 10
�13

[9, 2] 0.0455 10
�7

[13] 3.5 · 10
4

2 · 10
�6

[13] 7.0 · 10
5

10
�14

[13] 3.5 · 10
�3

uH 2.0 · 10
�17

[13] 7.0 · 10
�6

5.5 · 10
�6

[13] 1.9 · 10
6

10
�5

[13] 3.5 · 10
6

cH 0.4605 · 10
�13

0.01612 1.5 · 10
�5

[13] 5.25 · 10
6

10
�5

[13] 3.5 · 10
6

mH = 120 GeV [12]

0.3146 · 10
�13

0.01101

mH = 130 GeV [12]

c�� < 10
�16

[2] 3.5 · 10
�5

⇠ 10
�4

[2] ⇠ 3.5 · 10
7

< 10
�8

[2] < 3.5 · 10
3

cZZ 10
�5

� 10
�3

[2] 3.5 · 10
6
� 3.5 · 10

8

• The determination of Br(t ! bWH) shown in the Table was done con-
sidering a virtual W and mH = 125.5 GeV.

• In models with extra Q = 2/3 singlets the following bound is obtained
Br(t ! ug) = 1.5 · 10�7 [13], for this case # events = 52500.

• Other BSM bounds for Br(t ! c�): O(10�6) (Warped Extra Dimensions
[10]).

• Current experimental bounds for Br(t ! c�) and Br(t ! u�) from CMS:
Br(t ! c�) < 1.7 · 10�3 and Br(t ! u�) < 1.3 · 10�4 [11].

• In models with extra Q = 2/3 singlets Br(t ! uZ) = 1.1 · 10�4 [13], for
this case # events = 3.85 · 107.

• In non minimal models with R parity violation it is possible to have
Br(t ! cZ) = 3 · 10�5 and consequently # events = 1.05 · 107.

• Other reference for the SM calculation of Br(t ! hc) commonly quoted
in the literature is [13] Br(t ! hc) = 3.5 · 10�15. See also: [14].

1



A. Papaefstathiou & G. Tetlalmatzi-Xolocotzi 

rare top decays summary (notes)

!30

Input � = 35 nb and
R
Ldt = 104 fb�1

Channel Br # events Br # events Br # events

(SM) (SM) (THDM) (THDM) (MSSM) (MSSM)

bW 1 35 · 10
10

sW 1.6 · 10
�3

5.6 · 10
8

⇠ 10
�3

⇠ 3.5 · 10
8

10
�3

� 10
�2

3.5 · (10
8
� ·10

9
)

[1] [2] [2]

dW ⇠ 10
�4

[1] 3.5 · 10
7

(⇠ 5.5 · 10
�5

[2]) (1.9 · 10
7
)

bWg 0.3 1.05 · 10
11

[1, 3]

bW� 3.5 · 10
�3

1.225 · 10
9

(E� > 10 GeV) [1]

bWZ 2 · 10
�6

7 · 10
5

' 10
�4

3.5 · 10
7

[1] [2]

bWH 1.80 · 10
�9

630

[4]

cWW 1.3 · 10
�13

0.0455 10
�4

� 10
�3

3.5 · (10
7
� 10

8
)

[5] [2]

u� (3.7
+2.7
�2.3) · 10

�16
[6] 1.295 · 10

�4
2 · 10

�6
[13] 7 · 10

5

c� 5 · 10
�13

[7] 0.175 O(10
�6

) [8] O(3.5 · 10
5
) O(10

�7
) [2] O(3.5 · 10

4
)

(4.6
+2.0
�1.2) · 10

�14
[6] 0.0161

ug (3.7
+2.8
�2.3) · 10

�14
[6] 0.01295 8 · 10

�5
[13] 2.8 · 10

7

cg (4.6
+2.4
�1.2) · 10

�12
[6] 1.61 10

�4
[13] 3.5 · 10

7
8.0 · 10

�5
[13] 2.8 · 10

7

uZ 8 · 10
�17

[13] 2.8 · 10
�5

2.0 · 10
�6

[13] 7.0 · 10
5

cZ 1.3 · 10
�13

[9, 2] 0.0455 10
�7

[13] 3.5 · 10
4

2 · 10
�6

[13] 7.0 · 10
5

10
�14

[13] 3.5 · 10
�3

uH 2.0 · 10
�17

[13] 7.0 · 10
�6

5.5 · 10
�6

[13] 1.9 · 10
6

10
�5

[13] 3.5 · 10
6

cH 0.4605 · 10
�13

0.01612 1.5 · 10
�5

[13] 5.25 · 10
6

10
�5

[13] 3.5 · 10
6

mH = 120 GeV [12]

0.3146 · 10
�13

0.01101

mH = 130 GeV [12]

c�� < 10
�16

[2] 3.5 · 10
�5

⇠ 10
�4

[2] ⇠ 3.5 · 10
7

< 10
�8

[2] < 3.5 · 10
3

cZZ 10
�5

� 10
�3

[2] 3.5 · 10
6
� 3.5 · 10
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• The determination of Br(t ! bWH) shown in the Table was done con-
sidering a virtual W and mH = 125.5 GeV.

• In models with extra Q = 2/3 singlets the following bound is obtained
Br(t ! ug) = 1.5 · 10�7 [13], for this case # events = 52500.

• Other BSM bounds for Br(t ! c�): O(10�6) (Warped Extra Dimensions
[10]).

• Current experimental bounds for Br(t ! c�) and Br(t ! u�) from CMS:
Br(t ! c�) < 1.7 · 10�3 and Br(t ! u�) < 1.3 · 10�4 [11].

• In models with extra Q = 2/3 singlets Br(t ! uZ) = 1.1 · 10�4 [13], for
this case # events = 3.85 · 107.

• In non minimal models with R parity violation it is possible to have
Br(t ! cZ) = 3 · 10�5 and consequently # events = 1.05 · 107.

• Other reference for the SM calculation of Br(t ! hc) commonly quoted
in the literature is [13] Br(t ! hc) = 3.5 · 10�15. See also: [14].

1• Current experimental (observed) bound forBr(t ! hc) from Atlas: Br(t !
hc) < 0.46% [15].

• In models with extra Q = 2/3 singlets the following bound is obtained
Br(t ! hu) = 4.1 · 10�5 [13] leading to # events = 1.435 · 107.

• Current experimental (observed) bound forBr(t ! hu) from Atlas: Br(t !
hu) < 0.45% [15].
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• Current experimental (observed) bound forBr(t ! hc) from Atlas: Br(t !
hc) < 0.46% [15].

• In models with extra Q = 2/3 singlets the following bound is obtained
Br(t ! hu) = 4.1 · 10�5 [13] leading to # events = 1.435 · 107.

• Current experimental (observed) bound forBr(t ! hu) from Atlas: Br(t !
hu) < 0.45% [15].
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