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Let us take for example the Yukawa Lagrangian in the SM 

The tree-level Yukawa Higgs couplings to quarks is diagonal in flavour ⟹ iℳ(t → cH) = 0
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What about the one-loop order?

Small because: 

Unitarity of the CKM matrix 

Small mass differences between the 

 quarks running the loops.



 in the SM: Theory predictionst → qX
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The rates of  in the SM have been calculated nearly 33 years ago — G. Eilam, J. L. 
Hewett, A.Soni, PRD44 (1991) 1473-1484 —.

t → qX

Updates from the Top Quark Working Group Report (arXiv: 1311.2028)

BR(t → Zc) = 1 × 10−14

BR(t → Zu) = 7 × 10−17

BR(t → gc) = 5 × 10−12

BR(t → gu) = 4 × 10−14

BR(t → γc) = 5 × 10−14

BR(t → γu) = 4 × 10−16

BR(t → Hc) = 3 × 10−15

BR(t → Hu) = 2 × 10−17

Very small rates!!!



 in the SM: unlikely to be observed?t → qX
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Take the  for example and assume : 

LHC





                          


FCC


                   

t → Hc pp → t( → bW ) t̄( → Hc)

σ(pp → tt̄ → bWHc) = 2σ(pp → tt̄ ) × BR(t → cH) × BR(t → bW )

= 2 × 833.9 × 103 × 10−14 ≈ 5 × 10−9 fb

σ(pp → tt̄ → bWHc) = 2 × 3 × 10−15 × 34.6 × 106 = 2.06 × 10−7 fb

Observation of top quark FCNC phenomena is a clear sign of new physics 

Assume ,  and , we need 

 to observe one top FCNC event at the LHC (FCC) 

In terms of years, we need about one million years if the LHC collect  of data each year 
NONSTOP!!

H → bb̄ t → ℓνb A × ϵ = 50 %

∫ dt ℒ ≥ 3.5 × 109 (5 × 107) fb−1

3 ab−1



 in beyond-the-SM theoriest → qX
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Various models beyond the SM predict reasonably large rates for  transitions: 

Flavor conserving (FC) 2HDM (Santi Bejar, hep-ph/0606138) 

Flavor violating (FV) 2HDM (J.A. Aguilar-Saavedra, hep-ph/0409342; David Atwood et al., hep-ph/9609279) 

The MSSM (J.J. Cao et al., hep-ph/0702264)  

The MSSM with R-parity violation (Jin Min Yang et al., hep-ph/9705341; G. Eilam et al., hep-ph/0102037).  

Warped extra dimensional models (Kaustubh Agashe et al., hep-ph/0606293; Kaustubh Agashe et al., 0906.1542)

t → qX

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

BR(t ! Zc)  10�10 10�6 10�7 10�6 10�5

BR(t ! Zu)  � � 10�7 10�6
�

BR(t ! gc)  10�8 10�4 10�7 10�6 10�10

BR(t ! gu)  � � 10�7 10�6
�

BR(t ! �c)  10�9 10�7 10�8 10�9 10�9

BR(t ! �u)  � � 10�8 10�9
�

BR(t ! Hc)  10�5 2 ⇥ 10�3 10�5 10�9 10�4

BR(t ! Hu)  � 6 ⇥ 10�6 10�5 10�9
�
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1 Introduction

2 Theoretical Framework

In this work, we consider a minimal simplified model with a t–channel scalar mediator (S)

that carries a colour charge and a right-handed fermion (�) that plays the role of the DM

candidate. In this framework, the DM particle interacts primarily with SM quarks through

a Yukawa-type interaction. There are three minimal classes of models depending on how the

scalar mediator transforms under SU(2)L and what are the hypercharge assignments of the

scalar mediator. In this study, we consider one possible scenario where the scalar mediator

couples to right-handed up-type quarks. In this framework, the new states transform as

S : (3,1)+2/3, � : (1,1)0, (2.1)

– 1 –
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1Figure 1: Illustrative Feynman diagrams for Hqt FCNC interactions: the production of a single
top quark with the Higgs boson (left), and FCNC decay of the top quark in tt events (right),
where q = u or c.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume, there are a silicon pixel
and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass
and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sec-
tions. Forward calorimeters extend the pseudorapidity (h) coverage provided by the barrel
and endcap detectors. Muons are detected in gas-ionization chambers embedded in the steel
flux-return yoke outside the solenoid. Events of interest are selected using a two-tiered trigger
system. The first level is composed of custom hardware processors and selects events at a rate
of around 100 kHz [27]. The second level, known as the high-level trigger, is implemented in
software running on a processor farm and reduces the event rate to around 1 kHz before data
storage [28]. A more detailed description of the CMS detector, together with a definition of the
coordinate system used and the relevant kinematic variables, can be found in Ref. [29].

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-

Let us take the example of  (CMS-TOP-19-002)t → u(c) H
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1Figure 1: Illustrative Feynman diagrams for Hqt FCNC interactions: the production of a single
top quark with the Higgs boson (left), and FCNC decay of the top quark in tt events (right),
where q = u or c.
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The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume, there are a silicon pixel
and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass
and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sec-
tions. Forward calorimeters extend the pseudorapidity (h) coverage provided by the barrel
and endcap detectors. Muons are detected in gas-ionization chambers embedded in the steel
flux-return yoke outside the solenoid. Events of interest are selected using a two-tiered trigger
system. The first level is composed of custom hardware processors and selects events at a rate
of around 100 kHz [27]. The second level, known as the high-level trigger, is implemented in
software running on a processor farm and reduces the event rate to around 1 kHz before data
storage [28]. A more detailed description of the CMS detector, together with a definition of the
coordinate system used and the relevant kinematic variables, can be found in Ref. [29].

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
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L
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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-

Major backgrounds: tt̄bb̄; tt̄cc̄; tt̄ + LF
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Figure 4: The BDT output distributions for the combined 2017+2018 data and simulation for
the different jet categories, assuming the Hct coupling. The lower panel shows the ratio of ob-
served data to the SM prediction. The shaded bands correspond to the post-fit total uncertainty
in the predicted background. The signal contributions are normalized to the total number of
events in data.
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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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Direct connection between DM and top FCNCs?
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Theoretically it is possible to have a DM that couples solely to the quark sector of the SM.

In this case the mediator must have a color charge and therefore interacts via QCD with gluons. 
These models are called t-channel models (C. Arina et al., 2010.07559, 2307.10367)

In all these studies, the mediator is assumed to couple to one generation only! 
 Avoiding constraints from flavor physics especially FCNC decays.⟹

What if the mediator couples to all the quark generations (minimal) 
   The presence of DM and mediator will generate FCNC processes at the one-loop order.⟹

Depending on the spin of the mediator and DM, there are six minimal models for  singlet 
mediators and six models for  doublets! 

SU(2)L
SU(2)L
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We extend the SM with two  singlets: a colored scalar ( ) and a right-handed fermion ( )SU(2)L S χ

S : (3, 1)+2/3, χ : (1, 1)0

The right-handed fermion ( ) is a suitable DM candidate if .χ Mχ < MS

Both  and  are odd under an ad-hoc  symmetry while all the SM particles are even.χ S Z2

The interaction of  to quarks resembles that of squark-quark-neutralino in supersymmetric 
models.

χ
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Lagrangian

 and S χ Scalar potential

Relevant for DM annihilation,  

DM and S production at colliders. 

Relevant for DM co-annihilation,  

Higgs decays. 
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The mediator decays solely into a quark and DM (dominates over the 3-body decays)

Some comments: 

For , the mediator decays solely to light quarks with equal  

 branching ratios if . 

For  the decay into top quarks opens up with branching ratio going from a few %  

 to  or even more depending on the couplings ( ) and the mediator mass.  

Δ ≡ MS − Mχ < mt

Yu = Yc

Δ > mt

1/3 Yu, Yc, Yt
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After electroweak symmetry breaking, one lefts with three extra states: .S, S†, χ

Parameters: 

Two masses:  and  

Two quartic couplings:  and . 

Three dark-matter couplings:  and 

MS Mχ

λ2 λ3

Yu, Yc Yt

Parameter ranges: 

 

 

. 

 

 (for illustration).

Mχ ∈ [20, 2000] GeV

Δ ≡ MS − Mχ = 100, 300, 500 GeV

YqYt = 0.5, 1, 3

λ2 = 1

λ3 = − 1, 0, 1, 3
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In this work, we consider two FCNC decays of the top quark:  and t → qH t → qZ

where the numbers refer to their representations under SU(3)c ⌦ SU(2)L ⌦ U(1)Y . On

the other hand, both the scalar mediator and the DM candidate transform as odd under

Z2 while all the SM particles are even under the same symmetry. To ensure that the DM

particle is stable we also require that M�  MS . The most general Lagrangian is given by

L � LS + L� � V (S, �), (2.2)

where LS , L� and V (S, �) refer to the kinetic Lagrangian of the mediator, the Yukawa-

type Lagrangian of the DM particle and the scalar potential respectively. The two first

Lagrangians are given by

LS + L� = (DµS)†(Dµ
S) + S

X

q=u,c,t

Yq q̄
c

R�, (2.3)

where Dµ is the covariant derivative and Yq; q = u, c, t are generation-dependent Yukawa-

type couplings. To simplify the analysis we assume that these couplings are universal in

the sense that Yu = Yc = Yt. In the second term of the Lagrangian in equation 2.3 one can

see that only one scalar mediator couples to all the SM quark generations. Therefore, one

Assuming CP–conservation, the most renormalisable and gauge-invariant scalar potential

is given by

V (S, �) = �m
2

11|�
†�| + m

2

22|S
†
S| + �1|�

†�|
2 + �2|S

†
S|

2 + �3|S
†
S||�†�|

2
, (2.4)

here � = (0, (� + H)/
p

2)T refers the SM Higgs doublet given in the unitary gauge. All

the parameters in the scalar potential are assumed to be real-valued parameters. Without

loss of generality we assume that �2 = 1 while �3 is subject to constraints from H ! gg

and H ! �� signal strength measurements. The impact of these constraints on �3 will be

discussed in the next sections.

3 Top quark FCNC decays

In this work, we consider the FCNC two-body decays of the top quark. They are mediated

by the loops of scalar mediators and dark matter. We show the examples of Feynman

diagrams for these processes in figure 1. The generic expression for the e↵ective operators

for the t ! qZ and t ! qZ, q = u, c is given by

�Le↵ = t̄�
µ(fL

tqZPL + f
R

tqZPR)qZµ + t̄p
µ(gLtqZPL + g

R

tqZPR)qZµ

+ t̄(fL

tqHPL + f
R

tqHPR)qH + h.c., (3.1)

where f
L,R

tqX
(X = Z, H) and g

L,R

tqZ
are form factors that are calculable at the one-loop order,

PL,R = (1 ⌥ �5)/2 are the projection operators and p
µ is the four-momentum vector of the

decaying top quark.

– 2 –

The effective Lagrangian can be written as

 are the form factors calculable at the one-loop order.fL,R
tqX ; gL,R

tqZ
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Figure 1. Examples of Feynman diagrams for the t ! qH (upper panel) and t ! qZ (lower panel)
decays.

The expressions of the one-loop induced form factors are found using FeynArts ver-

sion 3.11 [1], FormCalc version 9.9 [2]. They are given by

f
L

tqH =
YqYtmt

16⇡2

✓
3�3�C1 +

m
2
q

�(m2
t
� m2

q)
(B1,t � B1,q)

◆
,

f
R

tqH =
YqYtmq

16⇡2

✓
3�3�C2 +

m
2
t

�(m2
t
� m2

q)
(B1,t � B1,q)

◆
, (3.2)

for t ! qH and

f
L

tqZ =
g1mqmt(3c

2

W
� s

2

W
)

96sW⇡2

YqYt

(m2
t
� m2

q)

✓
B1,t � B1,q

◆
, (3.3)

f
R

tqZ = �
g1sWYqYt

24⇡2

✓
2C00 +

1

m
2
t
� m2

q

(m2

tB1,t � m
2

qB1,q)

◆
,

g
L

tqZ =
g1sWYqYtmt

12⇡2

✓
C1 + C11 + C12

◆
,

g
R

tqZ =
g1sWYqYtmq

12⇡2

✓
C2 + C12 + C22

◆
,

for t ! qZ. In Eqs. 3.2 and 3.4, Ci,ij ⌘ Ci,ij(m2
t , M

2

X
, m

2
q , M

2
�, M

2

S
, M

2

S
) and B1,Q ⌘

B1(m2

Q
, M

2
�, M

2

S
) refer to the three-point and two-point Passarino-Veltman scalar loop

functions []. Here, MX = mH for t ! cH and MX = MZ for t ! cZ. It is clear from Eqs.

3.2 and 3.4 that f
L

tqH
� f

R

tqH
and f

R

tqZ
' g

L

tqZ
� g

R

tqZ
> f

L

tqZ
given the mass dependence of

these form factors. This can clearly be seen in figure 2, where we show the absolute values

of the form factors as function of the dark matter mass (M�) for three di↵erent values

of the mass splitting �. The numerical calculations of these form factors have been done

using LoopTools version 2.16 [3].
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For , Yq = Yt fL
tqH ≫ fR
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Figure 1. Examples of Feynman diagrams for the t ! qH (upper panel) and t ! qZ (lower panel)
decays.

The expressions of the one-loop induced form factors are found using FeynArts ver-

sion 3.11 [1], FormCalc version 9.9 [2]. They are given by
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The relic density of the  is generated through the standard freeze-out mechanism.χ
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The most important bound from the LHC comes from the search of new physics in events with at 
least one jet plus missing energy   

We use the most recent search of DM in 
the mono-jet channel by the ATLAS 
collaboration  (ATLAS-EXOT-2018-06). 

139 1/fb of data collected between 2015 
and 2018. 

26 signal regions depending on Emiss
T
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Bounds were obtained by using an implementation of the search in the MadAnalysis 5 framework
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What about the impact on the SM Higgs Boson measurements (production and decay)?
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Consider for example the partial width of H → γγ κX = ΓX /ΓSM
X (good measure) 

uū, cc̄. On the other hand, the contribution to decay processes like ZZ
⇤ are subleading as

was found in Refs. [32–34]. The main aim of this section is to evaluate the following ratio

i =

s
�i

�SM

i

, (6.1)

with �i ⌘ �(H ! ii) and i = g, �, u, c. We start with the bosonic decay channels. In

this model, the new contribution to these decay widths depends solely on the mass of the

colored mediator (MS) and the quartic coupling (�3). The partial decay widths for �� and

gg channels are given by
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, (6.2)

with ⌧i = m
2

H
/(4m

2

i
), A1/2(⌧) = 2⌧

�2(⌧ + (⌧ � 1)f(⌧)), A1(⌧) = �⌧
�2(2⌧

2 + 3⌧ + 3(2⌧ �

1)f(⌧)), A0(⌧) = �⌧
�2(⌧ � f(⌧)), and f(⌧) is the one-loop function which can be found

in e.g. Ref. [35]. The results for � are similar to the case of minimal lepton portal DM

or the inert Higgs doublet model [36, 37]. In the SM, the contribution of the W -boson to

�(H ! ��) is dominant as compared to the contribution of the top quark and it comes

with an opposite sign. The contribution of the colored scalar is mainly controlled by the

value of �3. We can see that there are destructive (constructive) interference for positive

(negative) values of �3 with the dominant W -boson contribution. The situation is di↵erent

for the case of H ! gg since the only dominant contribution in the SM is that of the

top quark. The new scalar contribution comes with the similar sign for �3 > 0 leading to

enhancement while it reduces the rate of H ! gg for negative �3. These features can be

clearly seen in Fig. 7 where we show the dependence of � (left) and g on MS for di↵erent

values of �3. We can see that g and � are anticorrelated in this model since for example

the new scalar loops induce positive (negative) contributions to � (g) when �3 < 0. To

compare with the experimental data, we also show the recent measurements of � and g

reported on by the ATLAS collaboration [38]. We can see that the new measurement does

not prefer light scalars as masses of order 200–300 GeV are excluded for all but �3 = 0.

We turn now into a brief discussion of the contribution of the new states to the fermionic

rates i.e., H ! uū and H ! cc̄. The partial width for these channels is given by

�(H ! qq̄) = �(H ! qq̄)N3LO + ��(H ! qq̄)NP, (6.3)

where �(H ! qq̄)N3LO is the decay width in the SM calculated at N3LO including renor-

malised running quark masses [39, 40] and ��(H ! qq̄)NP is the model contribution to

the decay width which is given by

��(H ! qq̄)NP =
6mHmq
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�
, (6.4)
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What about the decays of the SM Higgs into quarks?
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∝ Y2
qλ3mq

uū, cc̄. On the other hand, the contribution to decay processes like ZZ
⇤ are subleading as

was found in Refs. [32–34]. The main aim of this section is to evaluate the following ratio
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or the inert Higgs doublet model [36, 37]. In the SM, the contribution of the W -boson to

�(H ! ��) is dominant as compared to the contribution of the top quark and it comes

with an opposite sign. The contribution of the colored scalar is mainly controlled by the

value of �3. We can see that there are destructive (constructive) interference for positive

(negative) values of �3 with the dominant W -boson contribution. The situation is di↵erent

for the case of H ! gg since the only dominant contribution in the SM is that of the

top quark. The new scalar contribution comes with the similar sign for �3 > 0 leading to

enhancement while it reduces the rate of H ! gg for negative �3. These features can be

clearly seen in Fig. 7 where we show the dependence of � (left) and g on MS for di↵erent

values of �3. We can see that g and � are anticorrelated in this model since for example

the new scalar loops induce positive (negative) contributions to � (g) when �3 < 0. To

compare with the experimental data, we also show the recent measurements of � and g

reported on by the ATLAS collaboration [38]. We can see that the new measurement does

not prefer light scalars as masses of order 200–300 GeV are excluded for all but �3 = 0.

We turn now into a brief discussion of the contribution of the new states to the fermionic

rates i.e., H ! uū and H ! cc̄. The partial width for these channels is given by
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where �(H ! qq̄)N3LO is the decay width in the SM calculated at N3LO including renor-
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Corrections must be small!!
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Corrections are small for moderate values of  (percent level)Yq

102 103

Mc (GeV)

2

4

6

8

10

k q
¥

q
Gq /

Gq SM

D = 100 GeV

ku

kc

ku

kc

ku

kc

ku

kc

Yq = 1
Yq = 3

Yq = 5
Yq = 10

102 103

Mc (GeV)

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

k q
¥

q
Gq /

Gq SM

D = 500 GeV



Future prospects at colliders

24Adil Jueid Top FCNCs & Dark Matter

(b)

– 14 –

g

g

qα
χ
H
qβ
χ

S

S
S
S

∝ Yqα
Yqβ

λ3

Correlate FCNC and DM 
for qαqβ ≡ tc̄ + h . c .

∝ Yqα
Yqβ

∝ Yqα
Yqβ

Yqγ



Benchmark points

25Adil Jueid Top FCNCs & Dark Matter



Benchmark points

26Adil Jueid Top FCNCs & Dark Matter



Conclusions

27Adil Jueid Top FCNCs & Dark Matter

We suggested a new mechanism for the generation of quark flavour violation at 
the one-loop order.

The model is a minimal realization of this mechanism that extends the SM with two 
 singlet: a colored scalar mediator and a right-handed fermion.SU(2)L

Decent rates for top quark FCNC decays are predicted while not being in conflict 
with current LHC data.

More work is needed to pin down the connection between the two sectors at 
hadron colliders.


