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Abstract We study the production of a neutral Higgs boson
at a Future Circular Collider in the electron-hadron mode
(FCC-eh) through the leading process e− p → νehq assum-
ing the decay channel h → cc̄, where h is the Standard Model
(SM)-like state discovered at the Large Hadron Collider
(LHC). This process is studied in the context of a 2-Higgs
Doublet Model Type III (2HDM-III) embedding a four-zero
texture in the Yukawa matrices and a general Higgs potential,
where both Higgs doublets are coupled with up- and down-
type fermions. Flavour Changing Neutral Currents (FCNCs)
are well controlled by this approach through the adoption of a
suitable texture once flavour physics constraints are taken in
account. Considering the parameter space where the signal is
enhanced and in agreement with both experimental data and
theoretical conditions, we analyse the aforementioned signal
by taking into account the most important SM backgrounds,
separating c-jets from light-flavour and gluon ones as well as
b-jets by means of efficient flavour tagging. We find that the
hcc̄ coupling strength can be accessed with good significance
after a luminosity of 1 ab−1 for a 50 TeV proton beam and
a 60 GeV electron one, the latter with a 80% (longitudinal)
polarisation.

1 Introduction

Since the July 2012 discovery of a Higgs boson, h, with prop-
erties very consistent with those predicted by the Standard
Model (SM), at the Large Hadron Collider (LHC), by the
ATLAS and CMS experiments, spontaneous Electro-Weak
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Symmetry Breaking (EWSB) resting on a minimal Higgs
mechanism is apparently well established. While a mass of
125 GeV is not really an indication for the SM construct
being the one responsible for these LHC signals, as mh is a
free parameter in it, the fact that production and decay rates
involving couplings to W± and Z bosons as well as t, b, τ
and μ fermions have been measured and are compatible with
the SM genuine predictions (oncemh is measured) is a strong
sign in flavour of such a minimal Higgs construct.

However, a notable absence in the list of the SM-like Higgs
couplings so far measured is the one involving the hcc̄ vertex,
which is presently unconstrained. The reason is that corre-
sponding signals at the LHC are masked by an enormous
QCD background. In fact, not even the ability to tag c-jets,
on a similar footing with what has successfully been done for
b-jets, is sufficient to enable a measurement of the Yukawa
coupling to c-(anti)quarks at a level comparable to the case of
b-ones, as the displaced vertex associated to semi-leptonic c-
meson decays is much closer to the interaction point (where
the gluon and light flavour jet backgrounds originates) than
the one stemming from the corresponding b-meson transi-
tions. Another drawback is that the strength of the hcc̄ ver-
tex in the SM is much smaller than that of the hbb̄ vertex,
as they scale with the fermion mass, which in turn means
that the Branching Ratios (BRs) for h → cc̄ is (mc/mb)

2

times smaller than BR(h → bb̄), see, e.g., Ref. [1]. On the
other hand, the precise evaluation of decay width h → cc̄ has
been studied recently at next-to-next-to-leading order QCD
(including the flavour-singlet contribution) and the next-to-
leading order electroweak [2].

However, there exist extensions of the SM in which the
Higgs sector is enlarged by additional (pseudo)scalar mul-
tiplets (singlets, doublets, triplets, etc.), where the h → cc̄
rate can be increased substantially. Herein, owing to the fact
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that the SM-like Higgs discovered at the LHC has a clear
doublet nature, we focus on the simplest extension of the
SM involving such Higgs multiplet, the so-called 2-Higgs
Doublet Model (2HDM). The latter comes in several guises,
known as Type I, II, III (or Y) and IV (or X), wherein
Flavour Changing Neutral Currents (FCNCs) mediated by
(pseudo)scalars can be eliminated under discrete symme-
tries [3–9], entirely if the latter are exact or sufficiently to
comply with experimental limits if they are softly broken.
In fact, another, very interesting kind of 2HDM is the one
where FCNCs can be controlled by a particular texture in
the Yukawa matrices [10]. In particular, in previous papers,
we have implemented a four-zero texture, in a scenario which
we have called 2HDM Type III (2HDM-III) [11]. This model
has a phenomenology that is very rich, which we studied at
colliders in various instances [12,13], and some very inter-
esting aspects, like flavour-violating quarks decays, which
can be enhanced for neutral Higgs bosons with intermediate
mass (i.e., below the top quark mass). In particular, we have
studied the signal φ0

i → sb̄ + h.c. (φ0
i = h, H ) [14,15].

Furthermore, in this model, the parameter space can avoid
the current experimental constraints from flavour and Higgs
physics and a light charged Higgs boson is allowed [16], so
that the decay H− → bc̄ is enhanced and its BR can be
dominant [17,18].

In fact, the 2HDM-III is also an ideal candidate in provid-
ing enhanced h → cc̄ rates, as the Yukawa texture parameters
that affect the aforementioned H± signatures also enter the
h → bb̄ and h → cc̄ ones. In particular, it is always pos-
sible to maintain the Yukawa coupling to the b-(anti)quark
in the range currently measured at the LHC, and indeed the
one foreseen by the end of the High Luminosity LHC (HL-
LHC) era [19,20], while enhancing the h → cc̄ one. It is
the purpose of this paper to study the scope of the electron-
proton Future Circular Collider (FCC-eh), with a Center-
of-Mass (CM) energy of 3.5 TeV [21–23]. This configura-
tion is obtained by the collisions of a 50 TeV proton beam
coming from the FCC-hh [24] and a 60 GeV electron beam
from an external linear accelerator (Electron Recovery Linac
(ERL)) tangential to the FCC main tunnel [23] and offers
good prospects as a Higgs boson factory, as herein one could
elucidate the nature of the couplings of generic Higgs bosons
to most fermions, especially the h → bb̄ one, which remains
difficult to establish with high precision at both the LHC
and the HL-LHC because of the overwhelming QCD back-
ground.1 Given these encouraging results for the hbb̄ vertex,
we specifically analyse here the prospects of also establishing
the hcc̄ one.

1 Other interesting studies for probes of Higgs coupling in Higgs pair
production at hadron electron colliders LHeC and FCC-eh have been
realised recently [25].

Our work is organised as follows. In the next section we
describe briefly the 2HDM-III, specifically, its Yukawa struc-
ture. Then in the following one we discuss the theoretical
and experimental constraints applying to it and select some
benchmark scenarios for numerical analysis. In Sect. 4 we
give our results whereas in Sect. 5 we finally summarise.

2 The Higgs sector of the 2HDM-III

The 2HDM-III is described by two scalar Higgs doublets
�i = (φ−

i , φ0∗
i ) (i = 1, 2), with hypercharge +1, which can

couple to all fermions. FCNCs are controlled by a specific
four-zero texture in the Yukawa matrices, the latter being an
effective flavour theory of the Yukawa sector. Therefore, a
discrete symmetry is not necessary in this approach, so that
the SU (2)L ×U (1)Y invariant scalar potential in its general
form can be considered, which is given by [26–29]:
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, (1)

wherein, for simplicity, we suppose that all parameters are
real2 as so are the Vacuum Expectation Values (VEVs)
of the Higgs fields. Besides, notice that, when a discrete
symmetry is implemented in the model, the λ6,7 terms are
absent. However, in our model, the latter can be kept in
the Higgs potential when the four-zero texture is imple-
mented in the Yukawa matrices. This is rather interesting,
as we have shown that these parameters (λ6,7) can be rel-
evant in one-loop processes but do not contribute to EW
parameter ρ = m2

W /m2
Z cos2

W [30]. However, the ordinary
custodial symmetry [3,7](twisted custodial symmetry [31])
associated to the ρ parameter is broken when the difference
mH± − mA(mH± − mH ) is sizeable, being H± the charged
Higgs boson and A(H) the heavy CP-odd(even) one belong-
ing to this construct, in addition to the aforementioned SM-
like h state. Reasonable models with such an extended Higgs
sector are those for which ρ ≈ 1 when radiative corrections
are included [7,27,31–36] or, more in general, those in good
agreement with the experimental constraints from the oblique
parameters S, T and U [37,38], part of the so-called EW

2 The μ2
12 and λi (i = 5, 6, 7) parameters could be complex in general,

which then induce CP-violation in the Higgs sector.
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Table 1 The parameters
choices for X , Y and ε

u,d
h of the

2HDM-III needed to obtain the
standard 2HDM Type I, II and Y
(flipped), which happen when
the χs are zero

2HDM-III X Y εuh εdh

2HDM-I − cot β cot β cos α/ sin β cos α/ sin β

2HDM-II tan β cot β cos α/ sin β − sin α/ cos β

2HDM-Y (flipped) tan β cot β cos α/ sin β − sin α/ cos β

Precision Observables (EWPOs) [39]. The described Higgs
bosons spectrum emerges after EWSB, which provide mass
to the W± and Z bosons, thus releasing five physical Higgs
fields: two CP-even neutral states h, H (withmh < mH ), one
CP-odd neutral state A plus two charged Higgs bosons H±.
Furthermore, one also has the mixing angle α, that relates
the two CP-even neutral bosons (h, H) and β (being tan β

the ratio of VEVs of the two Higgs doublets). The masses of
these Higgs fields and these two angles are the inputs param-
eters chosen here to describe the scalar potential.

About the Yukawa sector of our model, this is defined by
[16]:

LY = −
(
Yu

1 Q̄L�̃1uR + Yu
2 Q̄L�̃2uR

+Yd
1 Q̄L�1dR + Yd

2 Q̄L�2dR

+ Y l
1 L̄ L�̃1lR + Y l

2 L̄ L�̃2lR
)

, (2)

being �̃i = iσ2�
∗
i (i = 1, 2) and where both Higgs doublets

are coupled with up- and down-type fermions. Following the
procedure of Refs. [16,40], after EWSB, the fermion mass
matrices are:

M f = 1√
2
(v1Y

f
1 + v2Y

f
2 ) ( f = u, d, 
), (3)

where the Yukawa matrices Y f
1,2 have the four-zero texture

form and are Hermitian. Considering the diagonalisation of
the fermion mass matrices through M̄ f = V †

f L M f V f L , we

have Ỹ f
n = V †

f LY
f
n V f L , then one can get a good approxima-

tion for the rotated matrix Ỹ f
n as follows [16]:
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where the χs are dimensionless and constrained by flavour
physics experimental data, which will be discussed in the fol-
lowing section. Then, one can obtain the generic Lagrangian
of the Yukawa sector, which gives the interactions of physical
(pseudo)scalars fields with fermions, as:3

L f̄i f jφ = −
{√

2

v
ūi

(
mdj Xi j PR + mui Yi j PL

)
d j H

+

3 One can assume this Lagrangian is the one of an effective field theory,
wherein the Higgs fields play a relevant role in the flavour structure of
some high scale renormalisable flavour model [41–44].

+
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0
}

, (5)

where Xi j , Yi j , Zi j , Ai j are given in [16]. For our study it is

sufficient to consider the functions h f
i j , which are given by:

hui j = εuhδi j −
(
εuH + Y εuh

)
√

2 f (Y )

√
mu j

mui
χu
i j , (6)

hdi j = εdh δi j +
(
εdH − Xεdh

)
√

2 f (X)

√
mdj

mdi
χd
i j , (7)

wherein the parameters X ,Y , εu,d
h,H are given in Table 1, where

it is made clear that our 2HDM-III construct with a four-
zero Yukawa texture can be related to the ordinary Yukawa
types known as Type I, II and Y (or flipped) by choosing
appropriately these parameters.

In general, the Higgs-fermion–fermion couplings are
expressed as g f f φ

2HDM−III = g f f φ
any +�g, where g f f φ

any represents
the f f φ coupling in any 2HDM with a discrete symmetry
and �g is the contribution of the four-zero texture [16].

3 Constraints and benchmark scenarios

In previous works [11,16,40,45], we have constrained our
model by considering EWPOs, flavour and Higgs physics
constraints from experimental data as well as theoretical
bounds (such as unitarity [46,47], vacuum stability [48,49]
and perturbativity). Since the theoretical bounds and EWPO
constraints have been analysed very recently [50], and these
have not changed, we refer the reader to such a paper. In con-
trast, experimental constraints evolve continuously so here
we have re-evaluated them in the light of the very latest
results. Specifically, the parameter space of the model was
constrained by flavour physics measurements, through the
experimental data bounds from leptonic and semileptonic
meson decays, the inclusive decay B → Xsγ , the B0 − B0

and K0 − K0 mixing as well as the process Bs → μ+μ−
[16,51]. We have then used HiggsBounds [39,52] and Hig-
gsSignals [53,54] to place bounds over the masses and cou-
plings of neutral [55,56] and charged Higgs bosons [57–62],
so as to make sure that the parameter space of the 2HDM-III
considered here is consistent with any Higgs boson searches
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Table 2 Values for free
parameters which define our
benchmark scenarios, all being
consistent with current
theoretical and experimental
bounds

Scenario cos(β − α) χu{22,23,33} χd{22,23,33} χ l{22,23,33}

Ia 0.1 {1, 0.1, 1.4} {1.8, 0.1, 1.2} {− 0.4, 0.1, 1}
IIa 0.1 {1,− 0.53, 1.4} {1.8, 0.2, 1.3} {− 0.4, 0.1, 1}
Y 0.1 {1,− 0.53, 1.4} {1.8, 0.2, 1.3} {− 0.4, 0.1, 1}

Fig. 1 Event rates for each benchmark scenario over the (X, Y ) plane computed as σ(ep → νeh j) × BR(h → cc̄) × ε2
c × 1 ab−1. Here, we have

Ep = 50 TeV and Ee− = 60 GeV (with P e−
L = − 80%)

and measurements conducted at the LHC and previous collid-
ers. In particular, using LHC measurements of the SM-like
Higgs boson in the decays h → γ γ and γ Z [54,63–67],
we made sure that the Yukawa texture involving the cou-
plings of the charged Higgs boson with fermions in the loops
of these processes is in agreement with data. Specifically,
in the permitted region of parameter space of our model,
rather low masses for the charged Higgs bosons are allowed
[30,45,50,68].

As intimated, in this study, the scalar field h is the SM-
like Higgs boson, hence, mh = 125 GeV. Furthermore, we
choose the following parameter space: mA = 150 GeV, 125

GeV < mH < 200 GeV, 100 GeV < mH± < 170 GeV
and cos(β − α) ≈ 0.1, with 0.014 ≤ S ≤ 0.026 and
− 0.02 ≤ T ≤ 0.028 and tensioned these against the mea-
sured values S = − 0.010.07 and T = 0.040.06 (fixing
U = 0) taken from [69], being all this parameter space con-
sistent with the aforementioned theoretical conditions and
experimental data. Then, we select some sets of free parame-
ters χ ’s which will represent our benchmark scenarios for
each of the discussed 2HDM-III realisations (or incarna-
tions). Explicitly, these benchmark scenarios are shown in
Table 2. We have characterised these benchmark scenarios
in Fig. 1, where we show the events rates for the aforemen-
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Table 3 Relevant cross sections, BRs and event rates (for the machine
configuration given in the previous figure caption) for our scenarios
Ia, IIa and Y, each mapped in terms of X, Y and Z values. We have

included the allowed values for μ and κc for each BPs. Here, we have
included the following tagging efficiencies in the last column: εb = 0.6,
εc = 0.24 and εs = 0.05 [77]

Point X (Z) Y BR(φ0 → ab) σ (e− p → e−φ0q) Events (1 ab−1)

BR(h → bb̄) = 0.513 2 × 105

Ia 0.5 (0.5) 6.5 BR(h → cc̄) = 0.484 2 × 104

μ = 0.88 BR(h → sb) = 1.99 × 10−3 0.875 pb 52

κc = 1.5 BR(h → ss̄) = 8.18 × 10−9 0

BR(h → bb̄) = 0.67 2 × 105

IIa 1 (1) 4 BR(h → cc̄) = 0.23 0.958 pb 2 × 104

μ = 1.16 BR(h → sb) = 0.093 1 × 103

κc = 2 BR(h → ss̄) = 2.87 × 10−3 7

BR(h → bb̄) = 0.498 2 × 105

Y-min 5 (− 1/5) 5 BR(h → cc̄) = 0.289 1.08 pb 2 × 104

μ = 0.86 BR(h → sb) = 0.21 7 × 103

κc = 1.7 BR(h → ss̄) = 1.96 × 10−3 5

tioned production and decay process over the (X,Y ) plane
for case Ia, IIa and Y of Table 2. These events rates are
realised at parton level, taking the efficiency of c-tagged jets
as εc = 0.24 and assuming 1 ab−1 of (integrated) luminos-
ity. The coloured regions over the (X,Y ) plane shown herein
are compliant with all aforementioned constraints while the
white backgrounds correspond to regions ruled out. Further-
more, we have demanded that for all benchmark points the
BR(h → bb̄) is in agreement with the latest experimen-
tal observations, which established as ratio of the measured
value to the SM prediction the following one μ = 1.04±0.20
[70–72]. Moreover, we have considered the most recent and
stringent direct constraint for the Higgs-charm Yukawa cou-
pling modifier κc obtained by CMS and ATLAS [73,74],
where 1.1 < |κc| < 5.5 and this one is interpreted in the
κ-framework [75,76]. These last constraints are responsible
for the absence of continuity across all allowed regions. This
is due to the fact that the Yukawa couplings are strongly sen-
sitive to the X and Y values, hence the BR(h → bb̄) is too,
as well as BR(h → cc̄). For example, for the Ia scenario,
over the region with 2 < X < 5, the BR(h → bb̄) is above
the mentioned experimental bounds but, if Y grows larger,
h → cc̄ starts to be relevant and the BR(h → bb̄) decreases
until acceptable values. In contrast, in the region 0 < X < 1,
the channel h → bb̄ is generally inconsistent with experi-
mental data unless Y is small, so that the h → cc̄ decay rate
is small too and the BR(h → bb̄) is within the allowed limits
from the experimental data connected at the CERN machine.

The discussed event rates are calculated via the formula
σ(ep → νeh j) × BR(h → cc̄)× 1 ab−1 ×ε2

c (as mentioned,
we take εc = 0.24 as an approximation of the efficiency
of a standard c-tagging algorithm suitable for the FCC-eh
environment [77]). The cross sections and BRs have been

calculated using CalcHEP 3.7.5 [78], wherein the 2HDM-III
has been implemented by ourselves. The proton beam is taken
with 50 TeV of energy (Eb), assuming CTEQ6L1 as Parton
Distribution Functions (PDFs) [79], while the electron beam
is considered to be of 60 GeV (Ee−) with a (longitudinal)
polarisation (P e−

L ) of − 80% [80]. For each of these BPs we
give herein the common cross section, the BRs into bb̄, cc̄,
sb̄ plus Charge Conjugate (C.C.) and ss̄.

As prospect of our work, for ee-colliders as ILC [81] (
CLIC [82]) machine the cross sections of Higgs production
would be σ(e+e− → νeν̄eh) ∼ 220 fb (∼ 600 fb) and the
main cross section σ(e− p → hjνe) ∼ 190 fb (∼ 1000 f b)
for electron proton-colliders LHeC (FCC-he), with center-of
mass energy of

√
s = 1.3TeV (

√
s = 3.5 TeV) . One can see,

the cross sections are the same order of magnitude. Therefore,
the studies of Higgs factories would be complement among
ee-colliders and ep- colliders.

4 Numerical analysis

The first step of our numerical analysis is to compare the
production and decay rate of signal events to those of the
various backgrounds, in presence of acceptance and selec-
tion cuts. The latter are implemented at the parton level as
pT (q) > 10 GeV, �R(q, q) > 0.3 and |η(q)| < 7, where q
represents any quark involved. For our Signal (S), we refer
to the inclusive rates in Table 3. For the Background (B),
final states of the type ET/ + 3 jet are considered. In order to
not overload with information the forthcoming histograms,
we consider the following five compounded contributions
(wherein j represents any jet except a b-one): ν3 j (it rep-
resents the set of νe j j j , νebj j and νebbj final states), νell j
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Table 4 Background cross sections and event rates at parton level after
the following cuts: pT (q) > 10 GeV, �R(q, q) > 0.3 and |η(q)| < 7
(assuming the usual FCC-eh parameters)

Background Cross section [pb] Number of events

νe j j j 172 1.75 × 108

νebj j 16.1 1.61 × 107

νebbj 1.8 1.8 × 106

∑
ν3 j 189.9 108

νell j 3.09 3.09 × 106

νetb 12.47 1.24 × 107

ej j j 948 9.48 × 108

ebj j 17.8 1.78 × 107

ebbj 75.4 75.4 × 107

∑
ej j j 1040 109

ett 0.35 3.5 × 105

(for any configuration of charged leptons and quarks), νetb,
e3 j (for ej j j , ebj j and ebbj) and ett . In Table 4, one can see
the corresponding cross sections at parton level for all these
backgrounds as well as the corresponding event rates for the
usual FCC-eh parameters.

For the analysis at detector level, we proceed in the fol-
lowing way: we use PYTHIA8 [83] as parton shower and
hadronisation generator and Delphes [84] as detector simu-
lator. Delphes was run via a FCC-eh card provided in [85].
Finally, we employed MadAnalysis5 [86] to construct his-
tograms and implement the event selections.

In order to reconstruct the final state of interest, enriched
by two c-jets, we need to worry about the presence of b-jets,
as both c- and b-quarks will originate jets with displaced
vertices: thus, just like there is a non-zero probability of b-
jets being tagged as c-jets also the vice versa is possible.
Furthermore, a value of 60% for εb essentially means that
someb-jets (precisely, 40% of them) could be tagged as either
c-jet or lighter ones.4 In essence, it is not obvious what will
be the number of true cc̄ events in the complete di-jet sample
(although this is all modelled by Delphes). However, in order
to extract the hcc̄ vertex strength, we can proceed as follows.
To start with, the portion of bb̄ events recognised as such,
Nb ≈ ε2

b , can be filtered out. Conversely, around 1−ε2
b of bb̄

events would be accounted as light di-jets ones (including cc̄
ones, that we do not separate out), which we label as Nb→ j .
(In fact, the latter also includes a ∝ (1 − εb) subleading
contribution from mistagged sb̄ + C.C. events.) This will
add to the true number of events with only light jets, N j ,
where j = s. Likewise, the portion of cc̄ events recognised
as such is Nc = ε2

c , which in turn implies that 1 − ε2
c of

these will appear as light jets, labelled as Nc→ j . These will

4 We neglect here the possibility of s-jets to be tagged as c- or b-ones,
so that we need not worry about the role of sb̄ + C.C. and ss̄ events.

also add to the N j rate alongside the Nb→ j one. In order to
perform an unbiased measurement of the Yukawa coupling
hcc̄ we can only rely on the Nc sample. However, we can
use the sample constituted by N j + Nb→ j + Nc→ j di-jet
events, wherein it is not necessary to extract the fraction of
b-jets appearing as c-jets, for validation purposes, to ensure
that the two measurements are consistent with each other, so
that, in the remainder of our analysis, we will consider the
two cases in parallel.5

Now, having defined two di-jet samples accounting for
flavour (mis)tagging effects, in order to remove the contam-
ination from backgrounds having kinematic configurations
similar to the signals, irrespectively of the flavour compo-
sition, we proceed by enforcing the following sets of cuts.
(Notice that the kinematics of any h decay into di-jets is the
same, given the much larger value of mh = 125 GeV with
respect to any mq with q = d, u, s, c and b.)

A) We impose the following initial conditions for jets and
leptons: pT ( j) > 10 GeV, pT (l) > 10 GeV and
|η( j)| < 6. Once these requirements are combined with
the described tagging procedure, we have events com-
posed of missing (transverse) energy and three jets.

B) From the left histogram of Fig. 2, one can select the most
relevant signature in terms of jet multiplicity, specifi-
cally, we select events with exactly two jets. In fact, the
third jet typically comes directly from the primary ver-
tex and is very forward, when not outside the detection
zone (i.e., |η( j3)| > 6), therefore it is not considered
in our analysis. Furthermore, for any jet multiplicity
N [ j] > 3, the signal yield is far too depleted to be
of numerical interest. Another cut is over the missing
(transverse) energy, as we take ET/ > 30 GeV (see the
histogram on the right-hand side of Fig. 2). Specifically,
this cut is very strong against the ej j j background, as
it keeps only around 20% of such events without penal-
ising the signals excessively.

C) The third set of cuts are imposed over the pseudorapidity
and transverse momentum of each jet. To start with,
we use η ordering to tag the first or second jet (i.e.,
|η( j1)| > |η( j2)|). About pseudorapidity, we demand
η( j1) < −3.5 and η( j2) < −4. These cuts are highly
restrictive onto ej j j and ν j j j , keeping around of 8% and
50% of these events, respectively (see top histograms
in Fig. 3). Furthermore, the selections in jet transverse
momentum are pT ( j1) < 90 GeV, which has a strong
impact on the ej j j and ett backgrounds, and pT ( j2) >

30 GeV, which affects mainly the ν j j j and νtb noises
(see bottom histograms in Fig. 3).

5 This search technique of hcc̄ coupling can be employed for the nearer
future Large Hadron-electron Collider (LHeC).
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Fig. 2 (Left) jet multiplicity (whichever their flavour) distribution. (Right) missing (transverse) energy distribution. These histograms are made
for the Ia incarnation of the 2HDM-III signal as well as the five categories of background discussed in the text

Fig. 3 (Top-left) jet pseudorapidity distribution for the first jet. (Top-
right) same for the second jet. (Bottom-left) transverse momentum dis-
tribution for the first jet. (Bottom-right) same for the second jet. These

histograms are made for the Ia incarnation of the 2HDM-III signal as
well as the five categories of background discussed in the text

D) We impose that�R( j1, j2)≡
√

�φ( j1, j2)2+�η( j1, j2)2

> 1.6. This cut enhances the signal above all back-
grounds except ej j j : see Fig. 4.

E) Finally, we impose a selection on invariant mass for of
the two jets, which are the candidates to reconstruct the
SM-like Higgs boson mass. Specifically, this cut is 100
GeV< M( j1, j2) < 125 GeV: see Fig. 5.
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Fig. 4 Jet separation distribution. These histograms are made for the
Ia incarnation of the 2HDM-III signal as well as the five categories of
background discussed in the text

(Notice that we have illustrated the kinematics of the Ia incar-
nation of the 2HDM-III signal but we can confirm that results
are extremely similar for the IIa and Y cases as well.)

The response of all signals and backgrounds to each of the
above cuts is captured in Table 5. Here, the top value in each
row represents the signal rate with no flavour being filtered,
i.e., this is the effective di-jet final state defined above as
N j + Nb→ j + Nc→ j while the bottom value is the estimated
number of Nc events made up by cc̄ pairs recognised as such.
It is clear that the kinematic selection is effective in signifi-
cantly reducing all of the latter without greatly affecting all
of the former. This is well exemplified by the values of the
final S versus B rates, including the significances, defined
as S√

S+B
. The fact that the corresponding values are always

well beyond 5, whichever flavour tagging, clearly indicates
the discovery potential of both h → j j and h → cc̄ events at
the FCC-eh with a confidence level against the possibility of a
background fluctuation far higher than at any hadron collider
foreseen at CERN, i.e., a HL-LHC and FCC-hh [20,24], and
comparable to that of the FCC-ee [87], a future e+e− collider
therein.

Fig. 5 Di-jet invariant mass distribution. These histograms are made
for the Ia (top-left), IIa (top-right) and Y (bottom) incarnations of the
2HDM-III signal (red histogram) as well as the five categories of back-

ground discussed in the text (here stacked beneath the signal). Here, we
present the rates for the case of cc̄-tagged sample
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Table 5 Cutflow for all signals and backgrounds. Here, in each cell, the top line represents the number of light di-jet events while the bottom one
refers to those enriched by cc̄ states, as described in the text

Signal Raw events Sim events Set A) Set B) Set C) Set D) Set E) Significance

Ia 875,000 890,530 633,866 190,986 91,117 77,079 36,054 36.3

36,075 10,869 5186 4387 2052 8.31

IIa 958,000 970,336 609,152 178,088 87,714 72,312 30,898 31.19

32,350 9457 4658 3840 1641 6.67

Y 1,070,000 1,085,244 736,138 208,665 101,427 83,083 35,824 36.08

41,941 11,884 5776 4732 2040 8.27

�ν3 j 1.89 × 108 19,956,113 176,368,197 40,956,844 9,327,890 4,960,087 820,718

10,334,771 2,399,977 546,593 290,650 48,092

νtb 1.24 × 107 1,254,485 7,880,059 1,505,048 759,201 548,492 123,961

501,285 95,743 48,296 34,892 7886 � B =
�e3 j 109 10,4495,242 73,393,857 3,093,729 29,137 24,770 2750 950,207

52,792,574 2,225,334 20,958 17,817 1978 58,865

ett 350, 000 353,583 26,046 380 109 77 21

14,764 215 62 44 12

�νll j 3, 090, 000 1,434,318 411,923 117,562 29,915 19,052 2757

134,029 38,253 9733 6199 897

5 Conclusions

In summary, we have studied the process e− p → νehq
assuming the decay channel h → cc̄, where h is the dis-
covered SM-like state, at a FCC-eh with Eb = 50 TeV and
Ee− = 60 GeV in presence of a − 80% polarisation of the e−
beam. We considered this channel in the context of a 2HDM-
III embedding a four-zero texture in the Yukawa matrices
and a general Higgs potential, where both Higgs doublets
are coupled with up- and down-type fermions, as a theoret-
ical framework that can be mapped into the standard four
types of 2HDM. Hence, we have defined three limits of it
reproducing the Type I, II and Y (but not X, which offers
no sensitivity to our study) setups. The purpose was to show
that this collider has the ability to access the Yukawa cou-
pling between the SM-like Higgs state and c-quarks, which
can only be determined with significant errors at present and
future hadronic machines, like the (HL-)LHC and FCC-hh.

Upon accounting for flavour mistagging effects in a real-
istic way in presence of parton shower, hadronisation and
detector effects and simulating both reducible and irreducible
backgrounds, we have proven that large significances can be
achieved at such FCC-eh, above and beyond what attainable
at the aforementioned hadronic machines and comparable to
the FCC-ee expectations. This conclusion applies to all three
2HDM-III incarnations discussed, each being exemplified by
two BPs at the edges of the currently allowed (by LHC data)
interval on the Yukawa coupling between the SM-like Higgs
state and b-quarks.
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