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Light charged Higgs boson with dominant decay to a charm quark
and a bottom quark and its search at LEP2 and future e + e − colliders
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The possibility of a light charged Higgs boson H that decays predominantly to a charm quark and a
bottom quark (cb) and with a mass in the range 80 GeV ≤ M H ≤ 90 GeV is studied in the context of a
three-Higgs doublet model (3HDM). Searches for this decay at the Large Hadron Collider do not have
sensitivity to this mass region at present. It is shown that the searches for H  at LEP2 could be
supplemented by either one or two b-tags, which would enable such large branching ratios for H → cb to
be probed in the above mass region. We comment on the possibility of this 3HDM scenario to explain a
slight excess in the searches for H at LEP2, which is best fit by M H of around 90 GeV, and discuss the
prospects for detecting H → cb decays at future eþ e− colliders.
DOI: 10.1103/PhysRevD.101.035021

I. INTRODUCTION
The ATLAS and CMS [1,2] Collaborations at the CERN
Large Hadron Collider (LHC) announced the discovery of a
new particle (a spinless boson) with a mass of 125 GeV.
The measurements of its properties (couplings, spin, etc.)
are in excellent agreement with those of the Higgs boson of
the Standard Model (SM), in which the Higgs boson
originates from an SUð2Þ ⊗ Uð1Þ scalar doublet.
It is possible that the 125 GeV boson is the first scalar to
be discovered from a nonminimal Higgs sector. An (singly)
electrically charged Higgs boson H would represent a
distinctive signal of such a structure (see Ref. [3] for a
recent phenomenological review) that could include additional doublets, singlets, triplets, or combinations thereof.
There is considerable interest in Beyond the SM (BSM)
scenarios with such a framework for implementing the
Higgs mechanism of electroweak symmetry breaking.
First, the SM is nonminimal in both its matter (with three
fermionic generations) and gauge (with both strong and
EW force mediators) sectors, and so there is no compelling
reason to believe that the Higgs sector should be minimal.
Second, in some BSM scenarios, an enlarged Higgs sector
is required theoretically (e.g., supersymmetry) or provides
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an explanation to problems that are not solved in the SM
(e.g., necessity of nonzero neutrino masses, requirement of
a dark matter candidate, sufficient EW baryogenesis, etc.).
The two-Higgs doublet model (2HDM) [4,5] has attracted
the most attention among models with additional scalar
doublets. Two (softly broken) discrete Z2 symmetries are
imposed in order to ensure that each fermion type couples to
no more than one scalar doublet, leading to four distinct
2HDMs that differ in their Yukawa couplings. This framework, referred to as “natural flavor conservation” (NFC) [6],
is invoked in order to avoid flavor changing neutral currents
(FCNCs) that are mediated at tree-level by neutral scalars.
More recently, three-Higgs doublet models (3HDMs) have
received increased attention (see, e.g., Refs. [7,8] for
minireviews), with NFC leading to five distinct 3HDMs.
Regarding the particle content of the 3HDM, there are
two physical charged Higgs bosons (hereafter denoted by
H and H0 , with M H < MH0 ). More parameters determine the phenomenology of the charged Higgs sector than
in 2HDMs, and we make the assumption that all three
Higgs doublets have a vacuum expectation value (VEV). In
Refs. [9–13], the phenomenology of H in 3HDMs has
been studied (with decoupled H 0 ) in terms of effective
Yukawa couplings for the down-type quark, up-type quark,
and charged lepton, which are expressed as a function of
four independent parameters [11] in the framework of NFC.
It has been shown [13] that an H can be lighter than the
top quark (with H0 heavier) while satisfying constraints
from B → Xs γ (even for the Yukawa coupling combinations that would not permit this scenario in the 2HDM) due
to the increased number of parameters in the 3HDM and the
presence of two charged scalars. Moreover, it was shown in
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Refs. [9,10,12,14] that the decay channel H þ → cb̄ can
have a large branching ratio (BR) (up to 80%) in a 3HDM.
Although such a value for this BR is theoretically allowed
in the flipped 2HDM for MH < mt − mb [10], the constraint M H > 570 GeV from B → Xs γ rules out this
possibility [15–17]. Hence, a large BRðHþ → cb̄Þ is a
distinctive signature of 3HDMs.
The above scenario of a 3HDM in which there is a light
H with a large BR to cb̄ is the focus of this work. We
consider the mass range M H ∼ MW  for which detection of
H is challenging if its BRs to hadrons are dominant. The
LHC
pﬃﬃﬃ experimental collaborations have carried out searches
at s ¼8TeV for H →cb [18] and H  → hadrons [19,20],
assuming production via the mechanism t → H b, and the
former search employs one more b-tag than the latter search.
In Ref. [21], the parameter space in the flipped 3HDM that
will be excluded (or provide a signal) at upcoming searches
was displayed. At present, the LHC has not set limits in the
region 80 GeV ≤ MH ≤ 90 GeV if BRðHþ → cb̄Þ or
BRðH þ → cs̄Þ is dominant, although limits are set for the
case of H  → τν being the leading decay channel. As
discussed in p
[21],
ﬃﬃﬃ with the increased luminosity for the
data taken at s ¼ 13 TeV and with future data it is likely
that the LHC will be able to set limits on BRðt → Hþ bÞ ×
BRðH þ → cb̄Þ in part (if not all) of the region 80 GeV ≤
MH ≤ 90 GeV (and possibly in the case of the Hþ → cs̄
channel as well). However, the production mechanism relies
on the Yukawa couplings and thus such an H could escape
detection at the LHC if these couplings are small.
Consequently, it is of interest to study in more detail the
CERN LEP2 searches for a hadronically decaying H , for
which the main production mode of eþ e− → Hþ H−
depends only on gauge couplings and MH .
We will show that data taken at LEP2 when supplemented by b-tagging could discover or exclude a light H
state decaying to cb̄ pairs more efficiently than LHC
searches in the region 80 GeV ≤ MH ≤ 90 GeV. Before
the LEP2 era, this possibility was pointed out for models
with more than two Higgs doublets in Refs. [10,14],
although the brief quantitative study in [14] (that was

based on a simulation in [22]) concluded that sensitivity
would not be reached in the region 80 GeV≤M H ≤90 GeV.
Such a b-tag was never implemented in LEP2 searches
for H states. We revisit it here in the context of the
flipped 3HDM and show that by using b-quark tagging
and light-quark rejection efficiencies from the LEP2
searches, one can substantially improve the sensitivity to
H → cb compared to that for H → hadrons and probe the
region 80 GeV ≤ M H ≤ 90 GeV. Attention is also given

þ −
to the detection prospects
pﬃﬃﬃ for H → cb at future e e
colliders operating at s ¼ 240 GeV.
The plan of this paper is as follows. In Sec. II, the 3HDM
is introduced. In Sec. III, the LEP2 search for H with the
addition of b-tagging is described, with numerical results
and conclusions in Secs. IV and V, respectively.
II. THE 3HDM WITH NFC
In this section, we give a brief introduction to the
interactions of the lightest H in the 3HDM that are
relevant to our analysis. We will only consider
MH < mt , and we assume that the only channels that
have nonzero BRs are the decays to fermions (i.e., decays
of the type H → W  plus a neutral Higgs boson are
forbidden by setting the masses of all the neutral Higgs
bosons to be above that of the charged Higgs). For a more
detailed introduction, the reader is referred to [11,13].
Any extension of the SM Higgs sector is primarily
constrained by two experimental facts. First, the measurement of ρ ¼ m2W =ðm2Z cos2 θW Þ is close to 1 [4], where mW ,
mZ , and θW are the W, Z masses and weak mixing angle,
respectively. Second, tree-level FCNCs that are mediated by
the additional neutral scalars must be suppressed (or absent).
In order for the 3HDM to comply with both of the above
restrictions, one requires (i) no very large mass splittings
between the neutral and charged scalars in order to respect ρ
parameter bounds and (ii) to implement NFC [6] in order to
eliminate tree-level FCNCs. The most general SUð2Þ ⊗
Uð1ÞY invariant scalar potential (V) is given by [11]

1
1
V ¼ m211 Φ†1 Φ1 þ m222 Φ†2 Φ2 þ m233 Φ†3 Φ3 − ½m212 Φ†1 Φ2 þ m213 Φ†1 Φ3 þ m223 Φ†2 Φ3 þ H:c: þ λ1 ðΦ†1 Φ1 Þ2 þ λ2 ðΦ†2 Φ2 Þ2
2
2
1
þ λ3 ðΦ†3 Φ3 Þ2 þ λ12 ðΦ†1 Φ1 ÞðΦ†2 Φ2 Þ þ λ13 ðΦ†1 Φ1 ÞðΦ†3 Φ3 Þ þ λ23 ðΦ†2 Φ2 ÞðΦ†3 Φ3 Þ þ λ012 ðΦ†1 Φ2 ÞðΦ†2 Φ1 Þ
2
1
ð1Þ
þ λ013 ðΦ†1 Φ3 ÞðΦ†3 Φ1 Þ þ λ023 ðΦ†2 Φ3 ÞðΦ†3 Φ2 Þ þ ½λ0012 ðΦ†1 Φ2 Þ2 þ λ0013 ðΦ†1 Φ3 Þ2 þ λ0023 ðΦ†2 Φ3 Þ2 þ H:c::
2
The scalar doublets Φf (with f ¼ 1, 2, 3) are defined as
follows:

Φf ¼


pﬃﬃﬃ :
0;i
ðvf þ ϕ0;r
f þ iϕf Þ= 2
ϕþ
f

ð2Þ

Here ϕ0f and ϕþ
f denote neutral and (positively) charged
scalar fields, respectively, and the VEVs vf are nonzero for
each doublet. There are two physical charged scalars (H
and H 0 ), two neutral charge parity (CP)-odd scalars, and
three CP-even scalars. In the simplified case of all the
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parameters being real, there are 18 free parameters in the
scalar potential. However, two of these parameters are
determined by the mass of the W boson and the mass of the
125 GeV neutral Higgs boson, leaving (at least) 16 free
parameters.
In our numerical analysis for the lightest charged
scalar H , we are only concerned with five of these 16
(or more) free parameters in the scalar potential of the
3HDM, as explained later in this section. There are
theoretical constraints on these 16 parameters from
requiring the stability of the vacuum, the absence of
charge breaking minima, and compliance with unitarity
of scattering processes, etc. These constraints are wellknown in the 2HDM (e.g., see [23]) and have been
discussed for the scalar potential of the 3HDM in
[24,25]. In this work, we do not impose these constraints
because they would only exclude certain regions of the
parameter space of 16 variables. As will be discussed
later in this section, the phenomenology of H depends
on only five parameters; four of these arise from a
mixing matrix (and also determine the phenomenology
of H0 ) and the fifth is M H . We take these parameters
to be theoretically unconstrained, but they are constrained experimentally. It is assumed that the freedom
in the remaining 11 parameters can be used to respect
the above theoretical constraints while allowing the five
parameters that determine the phenomenology of H to
be varied in their full theoretical range. Our justification
for this approach is that the analogous constraints on the
scalar potential in 2HDMs do not restrict the allowed
ranges of the two free parameters in the charged Higgs
sector (M H and tan β) because of the freedom in the
remaining four parameters (for the case of a 2HDM
scalar potential with only soft breaking terms of a Z2
symmetry). It is experimental data from processes
involving H that constrain the ranges of the parameters
of the charged Higgs sector in a 2HDM, and we carry
this conclusion across to the charged Higgs sector of
the 3HDM.
Experimental constraints on the neutral scalars of the
3HDM from direct searches (including the discovery of the
125 GeV Higgs boson) will only constrain a combination
of parameters (of 16 or more) that are relevant for the
neutral Higgs sector. Compliance with electroweak precision observables can be obtained by not having large mass
splittings among the scalars, although we expect that the
allowed mass splittings in a 3HDM would be larger than
those in a 2HDM due to the increased number of physical
scalars and free parameters. Hence, we expect that a
sizeable splitting between H and H0 (which we use
later when applying a bound from b → sγ) would be
acceptable in a 3HDM.
The part of the Yukawa Lagrangian containing the
lightest charged Higgs boson interactions with the fermions
can be written as follows:

LH
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pﬃﬃﬃ
2V ud
¼ −Hþ
ūðmd XPR þ mu YPL Þd
vSM
pﬃﬃﬃ

2ml
Zν̄L lR þ H:c:
þ
vSM

ð3Þ

Here uðdÞ is denotes up(down)-type quarks and l
represents charged leptons, PLðRÞ is the left(right)-handed
projector, V ud is the relevant Cabibbo-Kobayashi-Maskawa
(CKM) matrix element, and vSM is the VEV of the Higgs
doublet in the SM. In the 3HDM, the couplings X, Y, and Z
are functions of the four parameters (see below) of a unitary
matrix U that connects the charged scalar interaction
eigenstates to the physical mass eigenstates as follows:
0

Gþ

1

0

ϕþ
1

1

B þC
B
C
@ H A ¼ U@ ϕþ
2 A:
H0þ
ϕþ
3

ð4Þ

Here Hþ , H0þ are physical charged scalars, whereas Gþ is a
charged Goldstone boson that will become the longitudinal
component of the W  gauge boson after electroweak
symmetry breaking. The matrix U is a 3 × 3 unitary matrix
and can be parametrized as a function of four parameters,
tan β, tan γ, θ, and δ. The first two parameters are defined
via
tan β ¼ v2 =v1 ;

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
tan γ ¼ v21 þ v22 =v3 ;

ð5Þ

where v1 , v2 , and v3 are the VEVs of each Higgs doublet.
The parameter θ is a mixing angle between the two massive
charged scalars and δ is a CP-violating phase. The explicit
form of U is as follows [11]:
0

sγ c β

sγ sβ

B
U ¼ @ −cθ sβ e−iδ − sθ cγ cβ
sθ sβ e−iδ − cθ cγ cβ

1

cγ

cθ cβ e−iδ − sθ cγ sβ
−sθ cβ e−iδ − cθ cγ sβ

sθ sγ C
A;
cθ sγ
ð6Þ

where sðcÞ are represents the sine(cosine) of the respective angle.
The interactions between the lightest charged Higgs state
of the 3HDM, H , and the SM fermions are obtained via
the U matrix as [9]
X¼

U †d2
;
U †d1

Y¼−

U †u2
;
U †u1

Z¼

U †l2
;
U †l1

ð7Þ

where the values of d, u, and l in these matrix elements are
given in Table I and depend upon which of the five possible
distinct 3HDMs are under consideration. Taking d ¼ 1,
u ¼ 2, and l ¼ 3 means that the down-type quarks receive
their mass from v1 , the up-type quarks from v2 , and the
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TABLE I. The five versions of the 3HDM with NFC and the
corresponding u, d, and l values. Taking u ¼ i means that the uptype quarks receive their mass from vi and likewise for d (downtype quarks) and l (charged leptons).

3HDM
3HDM
3HDM
3HDM
3HDM

(type I)
(type II)
(lepton-specific)
(flipped)
(democratic)

u

d

l

2
2
2
2
2

2
1
2
1
1

2
1
1
2
3

charged leptons from v3 . This choice is called the “democratic 3HDM,” while the other possible choices of d, u,
and l in a 3HDM are given the same names as the four
standard types of 2HDM [5].
The experimental constraints on X, Y, and Z [26,27]
have been summarized in Ref. [21], to which we refer the
reader. The parameter space of the 3HDM that is relevant to
this work is compliant with all such limits, the most
important of which being −1.1 < ReðXY  Þ < 0.7 for
MH < 100 GeV. This is an approximate constraint that
is derived from b → sγ in the context of the aligned 2HDM
[26,27], which has one H  . Applying this bound to the
lightest H of a 3HDM requires that the contribution of the
heavier H0 in a 3HDM is suppressed, which can be
arranged by taking H 0 to have a considerably larger mass.
In a 3HDM, the expressions for the partial widths of the
decay of H to fermions are as follows:
ΓðH → l νÞ ¼
ΓðH → udÞ ¼

GF M H m2l jZj2
pﬃﬃﬃ
;
4π 2

3GF V ud MH ðm2d jXj2 þ m2u jYj2 Þ
pﬃﬃﬃ
:
4π 2

ð8Þ
ð9Þ

In the expression for ΓðH  → udÞ, the running quark
masses should be evaluated at the scale of mH , and there
are QCD vertex corrections which multiply the partial
widths by (1 þ 17αs =ð3πÞ). The first study of the fermionic
BRs of H as a function of jXj, jYj, and jZj was given in [10],
with further studies in [12]. In [13,21], these BRs were
studied as a function of tan β, tan γ, θ, and δ, an approach
which allows the BRs in the five versions of the 3HDM to
be compared. For jXj ≫ jYj, jZj, the decay channel
BRðH  → cbÞ dominates (which was first mentioned in
[9]) and reaches a maximum of ∼80%. It was shown in
[13,21] that such large values of BRðH → cbÞ are only
possible in the flipped and democratic 3HDMs, with
BRðH  → cbÞ having a maximum value of around 1% in
the other 3HDMs. In 2HDMs with NFC, the only model
which contains a parameter space for a large BRðH  → cbÞ
with MH < mt is the flipped model (a possibility that was
mentioned in [9,10] and studied in more detail in [28]).

TABLE II. Searches for H at the LHC, using pp → tt̄ and
t → H b. The given integrated luminosities are approximate.
The search in [31] used 2 fb−1 .
ATLAS

CMS

fb−1 )

cs [19], τν [32,33]
τν [31]
7 TeV (5
8 TeV (20 fb−1 )
τν [34]
cs [20], cb [18], τν [35]
13 TeV (36 fb−1 )
τν [36]
τν [37]

However, for this particular choice of 2HDM, the b → sγ
constraint would require MH > 570 GeV [15–17] for
which H → tb would dominate.
In this paper, we will focus on the case of mH < mt , a
scenario in which production at the LHC via t → H  b
would be possible. Searches for three decays channels of H
have been carried out (see Table II). The searches for H →
τν constrain the product BRðt → H bÞ × BRðH → τνÞ in
the region 80 GeV < MH < 160 GeV, with the upper
limit ranging from < 0.36% for MH ¼ 80 GeV to <
0.08% for MH ¼ 160 GeV. The searches for H → cs
constrain the product BRðt → H bÞ × BRðH → csÞ in
the region 90 GeV < MH < 160 GeV, with the upper
limit ranging from < 5% for M H ¼ 90 GeV to < 2%
for M H ¼ 160 GeV. Note that this search would be
sensitive to any quark decay (except t) of H . The search
for H → cb (which employs one more b-tag than the
search for H →cs) constrains the product BRðt → H bÞ×
BRðH  → cbÞ, with the upper limit ranging from < 1.4%
for M H ¼ 90 GeV to < 0.5% for MH ¼ 150 GeV. The
searches for H → cs and H  → cb do not set limits on the
region 80 GeV < MH < 90 GeV, although this might be
possible (especially for H  → cb) with larger integrated
luminosities. Earlier searches for the decay t → H b were
carried out at the Fermilab Tevatron in [29,30].
At LEP2, the production process σðeþ e− → γ  ; Z →
þ −
H H Þ was used. This cross section [38] is a function of
well-measured SM parameters
(α, sin θW , M Z , ΓZ ), the
pﬃﬃﬃ
center-of-mass energy s, and M H (which is the only
unknown parameter). Searches were carried out at allpfour
ﬃﬃﬃ
experiments [39–42]
at energies in the range
s¼
pﬃﬃﬃ
183 GeV to s ¼ 209 GeV, each with an integrated
luminosity of roughly 0.6 fb−1. The LEP working group
[43] combined these individual searches, resulting in a
cumulative integrated luminosity of 2.6 fb−1 . Dedicated
searches for the decay mode H → A0 W  were also carried
out in [39,42], but in this work we are assuming that this
channel is absent or very suppressed. From the combination
of the searches for fermionic decays, and with the
assumption that BRðH → τνÞ þ BRðH → csÞ ¼ 1, the
excluded region at 95% confidence level in the plane
½MH ;BRðH →τνÞ is obtained in [43]. For M H <
80GeV, the whole range 0 ≤ BRðH → τνÞ ≤ 100% is
excluded. For 80 GeV ≤ MH < 90 GeV, most of the
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region is not excluded for BRðH → τνÞ < 80% (i.e., for
BRðH  → csÞ > 20%). We will focus on this region of
80 GeV ≤ MH < 90 GeV and the case of a large hadronic
BR for H , which is not being probed by the LHC at present.
As mentioned earlier, the LHC searches for t → H  b
with H → τν are sensitive to the region 80 GeV < M H <
90 GeV. However, for a given value of MH , it is the
product BRðt → H bÞ × BRðH → τνÞ that is being constrained at the LHC, while at LEP2 it is BRðH  → τνÞ
alone that is being constrained for a given value of M H . A
choice with MH ¼ 85 GeV and BRðH  → τνÞ ¼ 0.5 is
not ruled out at LEP. At the LHC, BRðt → H bÞ ×
BRðH  → τνÞ > 0.36% is ruled out for M H ¼ 85 GeV.
Hence, if BRðt → H bÞ < 0.72%, then the above choice
with MH ¼ 85 GeV and BRðH → τνÞ ¼ 0.5 is also not
ruled out at the LHC. Such values of BRðt → H bÞ can be
arranged with suitably small values of jXj and jYj, which
determine BRðt → H bÞ. In contrast, it is the relative
values of jXj, jYj, and jZj that determine the fermionic BRs
of H (assuming that additional non-fermionic decay
channels are not open).
III. SEARCH FOR H AT LEP2
At LEP2, it was assumed that the dominant decay
channels were H → cs and H → τν, which leads to
the following three signatures from H þ H− production:
cscs, csτν, τντν. The decay of H → cb was not explicitly
searched for at LEP2 [39–42]. It is the searches in the
hadronic channels cscs and csτν that are relevant for the
decay H → cb, and these are discussed in more
detail below.
(i) Four-jet channel: This signature arises when Hþ and
H− both decay into quarks, giving four quarks that
will usually be detected as four jets. For Hpﬃﬃin
ﬃ the
kinematical range of LEP2 (i.e., MH < s=2 ≈
100 GeV), there are six possible hadronic decay
channels of H  . Decays involving the t quark (e.g.,
H → t b) are extremely suppressed due to the t
quark being very off shell and can be neglected. In
the LEP searches, it was assumed that H → cs is
the dominant hadronic decay mode, which is true in
most 2HDMs, and the experimental limits on
BRðH → hadrons) were interpreted as limits on
BRðH → csÞ. However, the four-jet search as carried out by three of the LEP Collaborations (OPAL
[39], ALEPH [40], L3 [41]) was sensitive to any of the
allowed six decay channels into quarks. In contrast,
the search by the DELPHI Collaboration [42] was
optimized for H → cs decays by using c-tagging to
discriminate against lighter quarks and b quarks, as
well as requiring an identified kaon. This search
strategy would probably be less sensitive to the
decay H  → cb than the searches by the other three
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collaborations, because H → cb events would not
look exactly like H → cs events.
(ii) Two-jet þ τν channel: This signature arises when
one H decays into quarks and the other H  decays
into a τ lepton and a neutrino. Again, it was assumed
that H → cs is the dominant hadronic decay
mode, and the DELPHI Collaboration alone used
c-tagging.
In this work, we quantify the effect of applying one (or
more) b-tags to both of the above search strategies in order
to increase the sensitivity to the decay H → cb, which can
have a large BR in the flipped and democratic 3HDMs. In
the four-jet channel, the separate cases of exactly one
tagged b-jet and exactly two tagged b-jets will be considered. In the two-jet þ τν channel, the case of exactly one
tagged b-jet will be considered. A b-tag requirement
usually involves a cut on the impact parameter of a jet
[44]. Due to the longer lifetime of the b quark, a jet that
has originated from a b quark will (on average) have a
larger impact parameter than a jet that originated from a
lighter quark. Additional discriminating variables are
sometimes used in the full b-tag requirement. The three
dominant decay channels of H in the 3HDMs that we
study are BRðH →cbÞ, BRðH →csÞ, and BRðH  → τνÞ.
These will be denoted below by BRcb, BRcs , and BRτν ,
respectively.
A. Signal for H → cb with b-tags at LEP2
The number of expected eþ e− → Hþ H− events (with no
b-tag requirement) in the LEP2 searches in the four-jet and
two-jet þ τν channels are denoted by S4jnobtag and S2jτnobtag ,
respectively, and are given as follows:
(i) S4jnobtag ¼ σ × L × ϵ4jnobtag × ðBRcb þ BRcs Þ2 .
Note that BRcb and BRcs are summed, because the
search strategy does not apply a b-tag.
(ii) S2jτnobtag ¼ σ ×L×ϵ2jτnobtag ×2ðBRcb þBRcs ÞBRτν .
Note that BRcb and BRcs are summed (as above),
and the factor of 2 accounts for the separate
contributions from cs̄τ− ν̄ and c̄sτþ ν.
Here σ is the cross section for pair production
of Hþ H−
pﬃﬃﬃ
at a particular center-of-mass energy s (which we generate using the formulae for σðeþ e− → Hþ H− Þ given in
[38]), and L is integrated luminosity at that energy. The
searches for Hþ H− at LEP2 werepcarried
out using data
ﬃﬃﬃ
taken at eight different values of s, each with a unique
value of integrated
P luminosity L. Hence, the product σL is
actually a sum 8i¼1 σ i Li where each i denotes a specific
pﬃﬃﬃ
value of s. Around 100 Hþ H− events
are produced
pﬃﬃﬃ
(before cuts) for MH ¼ 80 GeV and s ¼ 200 GeV. The
parameters ϵ4jnobtag and ϵ2jτnobtag are the selection efficiencies for the cuts as used in the LEP searches for the four-jet
signature and the two-jet þ τν signature, respectively. For
the magnitude of these efficiencies, we will use ϵ4jnobtag ¼
0.64 and ϵ2jτnobtag ¼ 0.5. These values are similar to those
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that were obtained by the LEP2 Collaborations (with slight
numerical differences among the four experiments). We
now discuss in turn three proposed search strategies for the
decay H → cb that make use of b-tagging.

are from two fake b quarks. Factors of 2 or 4 in these
expressions account for the various combinations that
contribute (e.g., cs̄ and c̄s being the fake b-tags in the
third term in ϵcbcs
4j2btag , leading to a factor of 2).

1. Signal in four-jet channel with exactly
two b-tagged jets

2. Signal in four-jet channel with exactly one b-tagged jet

A maximum of two b quarks can be produced when both
charged scalars decay via H → cb. However, lighter
quarks (u, d, s, c) can fake b quarks, and so up to four
jets could be recorded as b-jets by a detector. In the
numerical analysis for LEP2, the b-tag efficiency (ϵb ) is
taken to be ϵb ¼ 0.7, while the fake b-tag efficiencies for
charm quarks (ϵc ) and u, d, s quarks (ϵj ) are ϵc ¼ 0.06 and
ϵj ¼ 0.01, respectively. These numbers are roughly similar
(although slightly optimistic for
pﬃﬃﬃϵb ) to those in the OPAL
measurement of Rb in [45] for s ¼ 183 GeV to 209 GeV.
Due to ϵc and ϵj being small, we will not consider the
signatures of three or four tagged b-jets, in which one or
two non-b quarks have been mistagged as b quarks. We
first consider the channel in which exactly two of the four
jets are tagged as b-jets. The number of such events is
denoted by S4j2btag and is given by the following expression:
S4j2btag ¼ σ × L × ϵ4jnobtag ×

ðBRcb BRcb ϵcbcb
4j2btag

cscs
þ 2BRcb BRcs ϵcbcs
4j2btag þ BRcs BRcs ϵ4j2btag Þ: ð10Þ

The number of four-jet events in which exactly one of the
jets is tagged as a b quark is denoted by S4j1btag and is given
by the following expression:
S4j1btag ¼ σ × L × ϵ4jnobtag × ðBRcb BRcb ϵcbcb
4j1btag
cscs
þ 2BRcb BRcs ϵcbcs
4j1btag þ BRcs BRcs ϵ4j1btag Þ: ð12Þ
cbcs
cscs
The explicit expressions for ϵcbcb
4j1btag, ϵ4j1btag , and ϵ4j1btag
(which are different to those for the two b-tag case) are as
follows:
2
2
ϵcbcb
4j1btag ¼ 2ϵb ð1 − ϵb Þð1 − ϵc Þ þ 2ð1 − ϵb Þ ϵc ð1 − ϵc Þ;
2
ϵcbcs
4j1btag ¼ ϵb ð1 − ϵc Þ ð1 − ϵj Þ þ 2ð1 − ϵb Þϵc ð1 − ϵc Þð1 − ϵj Þ

þ ϵj ð1 − ϵb Þð1 − ϵc Þ2 ;
2
2
ϵcscs
4j1btag ¼ 2ϵj ð1 − ϵc Þ ð1 − ϵj Þ þ 2ϵc ð1 − ϵc Þð1 − ϵj Þ :

ð13Þ

Inserting the values for ϵb, ϵc , and ϵj gives numerical values
cbcs
of roughly 0.38, 0.65, and 0.13 for ϵcbcb
4j1btag, ϵ4j1btag , and
cscs
ϵ4j1btag , respectively.
3. Signal in two-jet plus τν channel with exactly
one b-tagged jet

The factor of 2 accounts for the cb̄ c̄ s and c̄bcs̄ signatures.
This expression for S4j2btag is obtained from the expression
for S4jnobtag, with the effect of the b-tagging requirement
cbcs
cscs
contained in the parameters ϵcbcb
4j2btag , ϵ4j2btag , and ϵ4j2btag that
are given explicitly as follows:

The number of two-jet þ τν events in which exactly one
of the jets is tagged as a b quark is denoted by S2jτ1btag and
is given by the following expression:

2
2
2
2
ϵcbcb
4j2btag ¼ ϵb ð1 − ϵc Þ þ 4ϵb ϵc ð1 − ϵb Þð1 − ϵc Þ þ ϵc ð1 − ϵb Þ ;

S2jτ1btag ¼ σ × L × ϵ2jτnobtag × 2ðBRcb BRτν ϵcbτν
2jτ1btag
þ BRcs BRτν ϵcsτν
2jτ1btag Þ:

2
ϵcbcs
4j2btag ¼ 2ϵb ϵc ð1 − ϵc Þð1 − ϵj Þ þ ϵb ϵj ð1 − ϵc Þ

þ 2ϵc ϵj ð1 − ϵb Þð1 − ϵc Þ þ ϵ2c ð1 − ϵb Þð1 − ϵj Þ;
ϵcscs
4j2btag

¼ 4ϵc ϵj ð1 − ϵc Þð1 − ϵj Þ þ ϵ2c ð1 − ϵj Þ2 þ ϵ2j ð1 − ϵc Þ2 :

ð14Þ

csτν
The explicit expressions for ϵcbτν
2jτ1btag and ϵ2jτ1btag are as
follows:

ð11Þ

ϵcbτν
2jτ1btag ¼ ϵb ð1 − ϵc Þ þ ϵc ð1 − ϵb Þ;

Inserting the above values for ϵb, ϵc , and ϵj gives numerical
cbcs
values of roughly 0.48, 0.09, and 0.006 for ϵcbcb
4j2btag, ϵ4j2btag
cbcb
and ϵcscs
4j2btag , respectively. Note that the three terms in ϵ4j2btag
correspond to the cases of the two tagged b-jets originating
from (i) two real b quarks, (ii) one real b quark and one fake
b quark (i.e., a mistagged c quark), and (iii) two fake b
quarks. In ϵcbcs
4j2btag , the first two terms correspond to the case
of the two tagged b-jets originating from one real b quark
and one fake b quark, and the last two terms are for the case
of two fake b quarks. In ϵcscs
4j2btag , the only contributing terms

ϵcsτν
2jτ1btag ¼ ϵc ð1 − ϵj Þ þ ϵj ð1 − ϵc Þ:

ð15Þ

csτν
The numerical values of ϵcbτν
2jτ1btag and ϵ2jτ1btag are roughly
0.68 and 0.07, respectively.

B. Background to H → cb decay
The backgrounds for the above three channels are
denoted by B4j2btag, B4j1btag , and B2jτ1btag , respectively.
The main contributions to B4j2btag and B4j1btag are from
four-fermion production (mainly W þ W − production, with a
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smaller contribution from ZZ) and from two-fermion
production (e.g., eþ e− → γ  , Z → qq̄gg), which can give
four jets. The main contribution to B2jτ1btag is from W þ W −
production. The ZZ contribution to the four-fermion background will be neglected due to its cross section being
about 25 times smaller than that of W þ W − production (e.g.,
see [10]). It will be shown below that very few background
events originate from ZZ after b-tag requirements.
To evaluate the background before imposing b-tagging,
we again use the numbers in the OPAL search paper [39].
For simplicity, we assume a diagonal CKM matrix and
take BRðW  → csÞ ¼ BRðW  → udÞ ¼ 35%. OPAL had
around 1100 four-jet events after all cuts, of which 90% are
expected to be from four-fermion events. With the
assumption of a diagonal CKM matrix, this background
would be composed of 250 csc̄s̄ events, 250 udū d̄ events,
and 500 csud events. Using the actual values for jV us j2 and
jV cd j2 [46], which are a factor of 20 times smaller than
jV cs j2 and jV ud j2 , would not change our numerical analysis.
The decays W  → ud and W  → us give the same contribution to the background (the same applies to W  → cs
and W  → cd) because u, d, and s quarks all have the same
efficiency for faking a b quark. Given the above numbers, it
turns out that the contributions to the background from
W  → cb decays can be neglected because its branching
ratio is about 550 times smaller than that of W  → cs [46],
due to the small value of jV cb j. The contribution of
W þ W − → cbc̄ b̄ to the background would be much less
than one event (¼ 250=5502 ), and the contributions from
W þ W − → cbcs and W þ W − → cbud would each be less
than one event (¼ 500=550), before b-tagging is imposed.
The ZZ background is about 25 times less than that of
the W þ W − background and so one would expect around 40
(¼ 1000=25) four-fermion events to be from ZZ. However,
in the channel with two b-tags (which in the case of the
H → cb signal would be tagged b-jets in opposite hemispheres), the suppression factor of ϵ2b [BRðZ → bb̄Þ2 ¼
0.72 × 0.152 would reduce this background to less than one
event. The ZZ backgrounds in the two b-tag and exactly
one b-tag channels with Z → bb and Z → cc̄ are also
negligible after multiplication by branching ratio factors, ϵb
and ϵc . Hereafter we neglect the ZZ background.

2
2
2
2
ϵWcscs
4j2btag ¼ 4ϵc ϵj ð1 − ϵc Þð1 − ϵj Þ þ ϵc ð1 − ϵj Þ þ ϵj ð1 − ϵc Þ ;
2
2
ϵWcsud
4j2btag ¼ 3ϵc ϵj ð1 − ϵj Þ þ 3ϵj ð1 − ϵc Þð1 − ϵj Þ;
2
2
ϵWudud
4j2btag ¼ 4ϵj ð1 − ϵj Þ :

ð17Þ

Wcsud
Wudud
The numerical values of ϵWcscs
4j2btag , ϵ4j2btag , and ϵ4j2btag are
0.006, 0.002, and 0.0004, respectively, giving B4fermion
4j2btag ≈ 2.6.
OPAL [39] had around 100 four-jet events that originated from two-fermion events. Around 15 of these
would be bb̄ events, due to σðeþ e− → bb̄Þ=σðeþ e− →
pﬃﬃﬃ
uū; dd̄; ss̄; cc̄; bb̄Þ being roughly 0.15 at s ¼ 200 GeV
[45]. We estimate the two-fermion background to the fourjet signal with two tagged b quarks to be
2
B2fermion
4j2btag ¼ 15ϵb :

ð18Þ

This is around seven events. The contribution to the twofermion background from cc̄ events would be around 15ϵ2c
and is much smaller than one event. The total background
(B4j2btag ) to the signal with four-jets and two tagged b
quarks (S4j2btag ) is
2fermion
B4j2btag ¼ B4fermion
4j2btag þ B4j2btag :

ð19Þ

Since B4fermion
4j2btag is around two events, then the dominant
background is from the two-fermion events. The total
background in this channel (B4j2btag ) is around 10 events.
2. Background to four-jet channel with exactly
one b-tagged jet
The four-fermion background to the four-jet signal with
one tagged b-jet is given by
Wcscs
Wcsud
B4fermion
4j1btag ¼ 1000 × ð0.25 × ϵ4j1btag þ 0.5 × ϵ4j1btag

þ 0.25 × ϵWudud
4j1btag Þ:

ð20Þ

Wcsud
Wudud
The explicit expressions for ϵWcscs
4j1btag, ϵ4j1btag , and ϵ4j1btag are
as follows:
2
2
ϵWcscs
4j1btag ¼ 2ð1 − ϵc Þ ϵj ð1 − ϵj Þ þ 2ϵc ð1 − ϵc Þð1 − ϵj Þ ;
2
3
ϵWcsud
4j1btag ¼ 3ϵj ð1 − ϵc Þð1 − ϵj Þ þ ϵc ð1 − ϵj Þ ;

1. Background to four-jet channel with
exactly two b-tagged jets

3
ϵWudud
4j1btag ¼ 4ϵj ð1 − ϵj Þ :

The four-fermion background to the four-jet signal with
two tagged b quarks is given by
Wcscs
Wcsud
B4fermion
4j2btag ¼ 1000 × ð0.25 × ϵ4j2btag þ 0.5 × ϵ4j2btag

þ 0.25 × ϵWudud
4j2btag Þ:
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ð16Þ

ð21Þ

Wcsud
Wudud
The numerical values of ϵWcscs
4j1btag , ϵ4j1btag , and ϵ4j1btag are
0.13, 0.09, and 0.04, respectively, giving B4fermion
4j1btag ≈ 85.
We estimate the two-fermion background (from bb̄
production) to the four-jet signal with one tagged b quark
to be

Wcsud
Wudud
The explicit expressions for ϵWcscs
4j2btag, ϵ4j2btag , and ϵ4j2btag are
as follows:
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This is about six events, but is much less than the fourfermion background, which is of the order of 85 events. We
neglect the contribution to the two-fermion background
from cc̄ events, which would be 30ϵc ð1 − ϵc Þ and equal to
around 1.7 events. Similar to before, one has
2fermion
B4j1btag ¼ B4fermion
4j1btag þ B4j1btag :

ð23Þ

The total background in this channel (B4j1btag ) is around 91
events.
3. Background to two-jet plus τν channel with exactly one
b-tagged jet
The number of background events in the two-jet plus τν
channel in the OPAL [39] search is 316. Due to BRðW  →
cbÞ being about 600 times smaller than BRðW  → csÞ and
BRðW  → udÞ, there would be less than one event of cbτν
in the 316 OPAL events of two-jet plus τν. Hence, this
contribution is neglected. The background to the two-jet
plus τν channel with exactly one b-tagged jet is dominantly
from four-fermion production with a fake b quark and is
given by
1
Wcsτν
Wudτν
B4fermion
2jτ1btag ¼ 316 × × ðϵ2jτ1btag þ ϵ2jτ1btag Þ:
2

ð24Þ

Wudτν
The explicit expressions for ϵWcsτν
2jτ1btag and ϵ2jτ1btag are as
follows:

ϵWcsτν
2jτ1btag ¼ ϵc ð1 − ϵj Þ þ ϵj ð1 − ϵc Þ:
ϵWudτν
2jτ1btag ¼ 2ϵj ð1 − ϵj Þ:

ð25Þ

Wudτν
The numerical values of ϵWcsτν
2jτ1btag and ϵ2jτ1btag are 0.07 and
0.02, respectively. The total background in this channel
(B4fermion
2jτ1btag ) is around 14 events.
We now mention other production and decay channels of
charged and neutral scalars (e.g., CP-even h0 and CP-odd
A0 ) in a 3HDM that might resemble the proposed signatures from H → cb. The production process eþ e− →
h0 A0 was searched for at LEP2 [47] and gives rise to final
states with two or four b quarks. These signatures are
different to the ones studied in this work (e.g., the two b
quarks from h0 ; A0 → bb̄ are in the same hemisphere, and
Mh0 ¼ 125 GeV), and no evidence was found for them.
This is accommodated in the 3HDM by taking the mass of
the lightest CP-odd scalar (MA01 ), which one of the 16 free
parameters, to be greater
pﬃﬃﬃ than around 75 GeV. At a future
eþ e− collider with s ¼ 240 GeV (to be discussed in
Sec. IV B), the eþ e− → h0 A01 channel could be used to
probe M A01 between 75 and 115 GeV. Its experimental
signature would be different to that from H → cb (as
mentioned above), and if M A01 > 115 GeV, then there
would be no events from eþ e− → h0 A01 .

The decay channel H → A0 W  (which can be dominant
if jXj, jYj, and jZj are small) was searched for at LEP2 in
[43]. This channel gives rise to two or four b quarks from
A0 → bb̄. Regions in the plane ½M H ; tan β for a given MA0
were excluded in the context of the 2HDM (Model I).
Considerable sensitivity to the region 80 GeV ≤ MH ≤
90 GeV was achieved. The signatures from H  → A0 W 
are different to those in this work; e.g., A0 → bb̄ for a light
A0 differs from H → cb. Given that no evidence for a
signal was found in either of the above searches, we
conclude that these production processes would have little
or no effect on our proposed search for H  → cb. In this
work, we assume that the decay H  → A0 W  is not open.
Regarding the likelihood of the above searches for
H → cb being carried out, we note that some LEP data
are still being analyzed and submitted for publication, e.g.,
[48,49]. We assume that if there is sufficient motivation for
carrying out a new search with LEP data, then it can be
done in principle. If there were an excess in the region
80 GeV ≤ MH ≤ 90 GeV in future searches for t → H  b
with H → cb at the LHC, then a search for eþ e− →
Hþ H − with H → cb with LEP data would be very well
motivated. Such a search is also motivated from the point of
view of having sensitivity to the parameter space of very
small jXj and jYj, for which searches at the LHC are
ineffective (as mentioned in Sec. II).
IV. NUMERICAL RESULTS
We now present our results for the statistical signifipﬃﬃﬃ
cances of a signal for H → cb at LEP2
pﬃﬃﬃ (189 GeV ≤ s ≤
209 GeV) and at CEPC/FCC-ee ( s ¼ 240 GeV). In the
context of LEP2, the region 80 GeV ≤ MH ≤ 90 GeV is
studied, while at CEPC/FCC-ee we consider 80 GeV ≤
MH ≤ 120 GeV. Of the five types of 3HDM, the parameter space for a large BRðH  → cbÞ is greatest in the
flipped 3HDM, and hence results are shown in this model
only. In our numerical analysis at CEPC/FCC-ee, ϵc is
varied in the range 0.01 < ϵc < 0.06, while ϵb and ϵj are
conservatively taken to have the same values as at LEP2.
Each LEP2 experiment accumulated around 0.6 fb−1 of
integrated luminosity (L), while at CEPC/FCC-ee at least
1000 fb−1 is expected. These input parameters are summarized in Table III.
A. Enhancing the detection prospects for
H → cb at LEP2 by using b-tags
The BRs of H as functions of the four parameters
(tan β, tan γ, θ, δ) have been studied in detail in [21], and the
parameter space for a dominant BRðH → cbÞ > 50% was
displayed. In Fig. 1 (left panel), contours of BRðH  → cbÞ
are shown in the plane ½tan γ; tan β, for MH ¼ 80 GeV
(the results with MH ¼ 89 GeV are essentially identical).
π
We fix θ ¼ − 2.1
and δ ¼ 0, for which a sizeable part of the
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TABLE III.
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Input parameters used in the numerical analysis at LEP2 and at CEPC/FCC-ee.
pﬃﬃﬃ
ϵc
ϵj
ϵb
s
L (fb−1 )

LEP2
CEPC/FCC-ee

189 GeV → 209 GeV
240 GeV

0.6
1000

0.7
0.7

plane ½tan γ; tan β gives BRðH → cbÞ > 60%, with
around 80% being the maximum value. Similar plots
(for different choices of θ) can be found in [21]. This
parameter choice for θ and δ will be used in Figs. 1–7, with
all these plots being shown in the plane ½tan γ; tan β. In
Fig. 1 (right panel), contours of ReðXY  Þ are shown, with
the region −1.1 ≤ ReðXY  Þ ≤ 0.7 being (roughly) consistent with the limits on BRðb → sγÞ for M H ¼ 80 GeV.
Clearly, the majority of the plane ½tan γ; tan β satisfies this
constraint, and thus the large values of BRðH → cbÞ in
Fig. 1 (left panel) are permissible. As discussed in [21], if
the contribution of the heavier H0 in a 3HDM is not
neglected, then the region of the plane ½tan γ; tan β that
satisfies the b → sγ constraint would shift with respect to
that shown in Fig. 1 (right panel). This is because the
couplings ReðXY  Þ for the heavier charged scalar would
now enter the constraint, and these couplings also depend
on the input parameters tan γ, tan β, θ, and δ. To determine
the exact region in the plane ½tan γ; tan β that is excluded by
b → sγ would require a detailed numerical study (to at least
next-to-leading order in the effective Lagrangian for
b → sγ), which is beyond the scope of this work.
However, given the large region of ½tan γ; tan β that is
permissible in Fig. 1 (right panel), we expect that there
would still be a sizeable region for large BRðH  → cbÞ
when the contribution of H0 is not neglected in the b → sγ
constraint.
In Fig. 2 (left panel and right panel), contours of
BRðH  → csÞ and BRðH → τνÞ (respectively) are

0.06
0.01 < ϵc < 0.06

0.01
0.01

M H
80 GeV < M H < 90 GeV
80 GeV < M H < 120 GeV

π
displayed. For this choice of θ ¼ − 2.1
and δ ¼ 0, one

can see that BRðH → csÞ ≈ 35% and BRðH → τνÞ ≈
65% when BRðH → cbÞ is small (corresponding to small
tan β and tan γ). In Fig. 3, the sums and products of BRs of
H are displayed, which will aid in understanding of the
statistical significances that are displayed in Figs. 4–7. In
Fig. 3 (top left panel), contours of BRðH → hadronsÞ are
shown, where hadrons refer to the sum of cs and cb. In
Fig. 3 (top right panel and bottom panel), contours of
BRðH  → hadronsÞ × BRðH → τνÞ and BRðH →
cbÞ × BRðH → τνÞ (respectively) are shown. Note that
BRðH  → cbÞ × BRðH → τνÞ is maximized (taking a
value of around 0.14) in a band that is away from the region
of both tan β and tan γ being small or large. pﬃﬃﬃﬃ
In Figs. 4–7, the statistical significances (S= B) which
could have been obtained at a single experiment at LEP2
are shown in the five channels (three with b-tagging
and two without b-tagging) in the plane ½tan γ; tan β
for M H p
¼ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
80 andﬃ 89 GeV. In the three panels in Fig. 4,
S4jnobtag = B4jnobtag for the four-jet channel (top panel),
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
S4j2btag = B4j2btag (left bottom panel), and S4j1btag =
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
B4j1btag (right bottom panel) are plotted, with M H ¼
80 GeV. For the case with no b-tagging (which corresponds to the experimental searches),
one can see that the
pﬃﬃﬃﬃ
largest signal satisfies 2 < S= B < 2.5 and arises in the
region where BRðH → hadronsÞ
pﬃﬃﬃﬃ in Fig. 3 (top left panel)
is largest. The maximum S= B is less than 2.5 for this
choice of M H ¼ 80 GeV, and this is roughly consistent

π
FIG. 1. The flipped 3HDM with θ ¼ − 2.1
, δ ¼ 0, and M H ¼ 80 GeV. Left panel: contours of BRðH → cbÞ in the plane

½tan γ; tan β. Right panel: contours of ReðXY Þ where the region −1.1 ≤ ReðXY  Þ ≤ 0.7 is consistent with the limits on BRðb → sγÞ for
M H ¼ 80 GeV.
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π
FIG. 2. The flipped 3HDM with θ ¼ − 2.1
, δ ¼ 0, and M H ¼ 80 GeV. Left panel: contours of BRðH → csÞ in the plane

½tan γ; tan β. Right panel: contours of BRðH → τνÞ in the plane ½tan γ; tan β.

with the OPAL limits that ruled out M H < 80 GeV for
BRðH  → hadronsÞ ¼ 100%.
pﬃﬃﬃﬃFor the case with two
b-tags, it is evident that S= B can be greatly increased
with respect to the case with no b-tag. A large part of the

pﬃﬃﬃﬃ
pﬃﬃﬃﬃ
½tan γ; tan β plane has S= B > 3, with S= B ≈ 8 being
possible. Note that these significances are for a single LEP2
experiment, and thus a 3σ signal at all four experiments
might approach the 5σ threshold for discovery if the four

π
FIG. 3. The flipped 3HDM with θ ¼ − 2.1
, δ ¼ 0, and M H ¼ 80 GeV. Top left panel: contours of BRðH → hadronsÞ in the plane
½tan γ; tan β, where “hadrons” refers to the sum of cs and cb. Top right panel: contours of BRðH → hadronsÞ × BRðH → τνÞ in the
plane ½tan γ; tan β. Bottom panel: contours of BRðH  → cbÞ × BRðH → τνÞ in the plane ½tan γ; tan β.
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pﬃﬃﬃﬃ
π
FIG. 4. The flipped 3HDM with θ ¼ − 2.1
, δ ¼ 0, and MH ¼ 80 GeV. Top panel: significance
(S= B) at a single LEP2 experiment
pﬃﬃﬃﬃ
in the four-jet channel without b-tagging inp½tan
ﬃﬃﬃﬃ γ; tan β plane. Left bottom panel: S= B in the four-jet channel with two b-tags in
½tan γ; tan β plane. Right bottom panel: S= B in the four-jet channel with one b-tag in ½tan γ; tan β plane.

searches are combined. The individual values of S and B
will be shown in tables and discussed later. Forpthe
ﬃﬃﬃﬃ case
with one b-tag, it is found that the values of S= B (at a
given point in the plane) are slightly larger than those for
the case with no b-tag. Although the background in the one
b-tag channel is smaller, the signal has decreased such that

pﬃﬃﬃﬃ
the ratio S= B does not improve greatly compared to the
case with no b-tag.
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
In the two panels in Fig. 5, S2jτnobtag = B2jτnobtag for the
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
two-jet channel (left panel) and S2jτ1btag = B2jτ1btag (right
panel) are plotted, with MH ¼ 80 GeV. For the case with

pﬃﬃﬃﬃ
π
FIG. 5. The flipped 3HDM with θ ¼ − 2.1
, δ ¼ 0, and M H ¼ 80 GeV. Left panel: significance
pﬃﬃﬃﬃ (S= B) at a single LEP2 experiment
in the two-jet channel without b-tagging in ½tan γ; tan β plane. Right panel: S= B in the two-jet channel with one
b-tag in ½tan γ; tan β plane.
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pﬃﬃﬃﬃ
π
FIG. 6. The flipped 3HDM with θ ¼ − 2.1
, δ ¼ 0, and MH ¼ 89 GeV. Top panel: significance
(S= B) at a single LEP2 experiment
pﬃﬃﬃﬃ
in the four-jet channel without b-tagging inp½tan
ﬃﬃﬃﬃ γ; tan β plane. Left bottom panel: S= B in the four-jet channel with two b-tags in
½tan γ; tan β plane. Right bottom panel: S= B in the four-jet channel with one b-tag in ½tan γ; tan β plane.

pﬃﬃﬃﬃ
no b-tagging, one sees that the largest S= B is around 1.6
and arises in the region where BRðH  → hadronsÞ ×
BRðH  → τνÞ in Fig. 3 (top right panel) is largest.
pﬃﬃﬃﬃ
Again, this maximum value for S= B is roughly consistent
with the OPAL limits that ruled out M H < 80 GeV [39]
in the two-jet channel when BRðH  → hadronsÞ ×
BRðH  → τνÞ is at its maximum value. For the case with
pﬃﬃﬃﬃ
one b-tag, it is evident that S= B can be somewhat
increased with respect to the case with no b-tag, but the
gain is less than that in the four-jet channel with two b-tags.
pﬃﬃﬃﬃ
Values of S= B up to 3.2 can be obtained in the region in
Fig. 3 (bottom panel) where BRðH → cbÞ × BRðH →
τνÞ is largest.
Figures 6 and 7 are the same as Figs. 4 and 5, respectively,
butpwith
ﬃﬃﬃﬃ M H ¼ 89 GeV instead of 80 GeV. The maximum
S= B has dropped by roughly a factor of 2 for the four-jet
channel with two b-tags and for the two-jet channel with one

b-tag. This decrease is due to the reduction in the cross
section for eþ e− → Hþ H− when going from M H ¼
80 GeV to MH ¼ 89 GeV. As mentioned earlier, a 3σ
signal at each LEP2 experiment might become close to 5σ
evidence by combining all four experiments. Hence, a
discovery for MH ¼ 89 GeV is possible in the most
optimistic scenario of BRðH → p
cbÞ
ﬃﬃﬃﬃ close to 80%.
In Fig. 8, the dependence of S= B on MH is shown for
the four-jet channel, fixing BRðH → cbÞ ¼ 0.8 (i.e., near
maximal) and BRðH → csÞ ¼ 0.2. The top panel, left
bottom panel, and right bottom panel are for the channels
without b-tagging, two b-tags, and one b-tag, respectively.
One can see that the dependence is roughly linear, and
that a 5σ signal at a single LEP2 experiment is possible in
the four-jet channel with two b-tags up to around
MH ¼ 84 GeV.
pﬃﬃﬃﬃ
In Fig. 9, the dependence of S= B on MH is
shown for the two-jet channel, with BRðH →csÞ¼0.1,
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pﬃﬃﬃﬃ
π
FIG. 7. The flipped 3HDM with θ ¼ − 2.1
, δ ¼ 0, and M H ¼ 89 GeV. Left panel: significance
(S= B) at a single LEP2 experiment
pﬃﬃﬃﬃ
in the two-jet channel without b-tagging in ½tan γ; tan β plane. Right panel: S= B in the two-jet channel with one b-tag in
½tan γ; tan β plane.

BRðH  → cbÞ ¼ 0.4, and BRðH  → τνÞ ¼ 0.5 (i.e., close
to the optimum scenario for discovery in this channel).
Note that this choice of BRðH → cbÞ × BRðH → τνÞ ¼
0.2 is used for illustration and is larger than the maximum

value of this product in Fig. 3 (bottom panel) with θ ¼
−π=2.1 and δ ¼ 0. Again, one sees
pﬃﬃﬃﬃa roughly linear
dependence on MH . In Fig. 10, S= B is plotted in the
plane ½MH ; BRðH → cbÞ. In the left panel, we show the

pﬃﬃﬃﬃ
FIG. 8. Dependence of S= B on M H , with BRðH  → cbÞ ¼ 0.8 (near maximal) and BRðH → csÞ ¼ 0.2 at a single LEP2
experiment. Top panel: in four-jet channel without b-tagging. Left bottom panel: In four-jet channel with two b-tags. Right bottom
panel: in 4-jet channel with one b-tag.
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pﬃﬃﬃﬃ
FIG. 9. Dependence of S= B on M H with BRðH  → hadronsÞ ¼ 0.5 and BRðH → τνÞ ¼ 0.5 at a single LEP2 experiment. Left
panel: in two-jet channel without b-tagging. Right panel: in two-jet channel with one b-tag.

pﬃﬃﬃﬃ
FIG. 10. Values of S= B in the plane ½M H ; BRðH → cbÞ at a single LEP2 experiment. Left panel: in four-jet channel with two
b-tags with BRðH → cbÞ+BRðH  → csÞ ¼ 1. Right panel: in two-jet channel with one b-tag with BRðH → τνÞ ¼ 0.5 and
BRðH  → cbÞ þ BRðH → csÞ ¼ 0.5.

results in the four-jet channel with two b-tags, with
BRðH  → cbÞ þ BRðH → csÞ ¼ 1. It can be seen
pﬃﬃﬃthat
ﬃ
BRðH  → cbÞ > 0.4 is required in order to obtain S= B >
2 for MH ¼ 80 GeV at a single experiment. In the right
panel, we show the results for the two-jet channel with one
b-tag, taking BRðH → τνÞ ¼ 0.5, and BRðH → cbÞþ

BRðH  → csÞ ¼ 0.5. It can be seen that
→ cbÞ >
pﬃﬃﬃBRðH
ﬃ
0.15 is required in order to obtain S= B > 2.

It is clear from the above plots that the four-jet channel
pﬃﬃﬃﬃ
with two b-tags offers the largest values of S=pﬃﬃﬃBﬃ . In
Table IV, the individual values of S and B (and S= B) are
shown for M H ¼ 80, 85, and 89 GeV in four-jet channels,
with BRðH → cbÞ ¼ 0.8 and BRðH → csÞ ¼ 0.2. In
the 4j2b channel, the signal
not satisfy S ≪ B, which
pﬃﬃﬃdoes
ﬃ
is a requirement for S= B to accurately represent the
significance. If a more accurate formula for estimating

TABLE IV. Number of signal events (S), number of background events (B), and corresponding significances (pSﬃﬃBﬃ) in four-jet channels
at single experiment at LEP2. Results are shown for M H ¼ 80, 85, 89 GeV, with BRðH → cbÞ ¼ 0.8 and BRðH  → csÞ ¼ 0.2.
80 GeV

85 GeV

89 GeV

80 GeV

85 GeV

89 GeV

pSﬃﬃﬃ
B

pSﬃﬃﬃ
B

B

1.38
2.20
4.92

0.87
1.39
3.11

1117.8
91.44
9.94

M H

S

S

S

pSﬃﬃﬃ
B

4j0b
4j1b
4j2b

69.50
31.74
23.43

46.01
21.01
15.50

29.07
13.27
9.80

2.08
3.32
7.43
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TABLE V. Number of signal events (S), number of background events (B), and corresponding significances (pSﬃﬃBﬃ) in two-jet channels at
a single experiment at LEP2. Results are shown for M H ¼ 80, 85, 89 GeV, with BRðH → cbÞ ¼ 0.4, BRðH  → csÞ ¼ 0.1, and
BRðH  → τνÞ ¼ 0.5.
80 GeV

85 GeV

89 GeV

80 GeV

85 GeV

89 GeV

pSﬃﬃﬃ
B

pSﬃﬃﬃ
B

B

1.00
2.70

0.63
1.71

316.9
14.04

M H

S

S

S

pSﬃﬃﬃ
B

2j0b
2j1b

26.89
15.28

17.80
10.11

11.24
6.39

1.51
4.08

the significance [50] is used for the 4j2b channel, then the
significance will be reduced compared to that given in
Table IV.
From the numbers in Table IV, it can be seen that the
background decreases significantly as each b-tag is applied,
and there are still a significant number of events (S ≈ 9) in
the four-jet channel with two b-tags for M H ¼ 89 GeV.
Around seven of nine background events in the 4j2b
channel are from the two-fermion background, and an
invariant mass cut could further reduce this background
(see later).
pﬃﬃﬃﬃ
In Table V, the individual values of S and B (and S= B)
are shown for MH ¼ 80, 85, and 89 GeV in two-jet
channels, with BRðH → cbÞ ¼ 0.4, BRðH → csÞ ¼ 0.1,
and BRðH  → τνÞ ¼ 0.5. In the 2j1b channel, the signal
does not satisfy S ≪ B, and if a more accurate formula
for estimating the significance [50] is used, then the
significance will be reduced compared to that given in
Table V. Again, the background has decreased significantly
with the b-tag, and there are still a reasonable number of
events (S ≈ 6) in the two-jet channel with a b-tag for
MH ¼ 89 GeV.
As mentioned above in the discussion of Table IV, the
two-fermion background accounts for most of the background in the 4j2b channel. The invariant mass (mjj ) of
two of the four jets from the two-fermion background has a
flat distribution (as can be seen in Fig. 1(h) of the OPAL

search in [39]), while the signal is mainly contained in the
region of mjj between 80 and 89 GeV. Hence, we suggest
that an invariant mass cut which only keeps jets satisfying
pﬃﬃﬃﬃ
80 GeV < mjj < 89 GeV could further improve S= B in
the 4j2b channel. From Fig. 1(h) in [39], we estimate that
such a cut could reduce the two-fermion background by a
factor of 2, while preserving the majority of the signal
events of an H with a mass between 80 and 89 GeV. In
Fig. 11,
pﬃﬃﬃthe
ﬃ effect of the invariant mass cut efficiency (ϵmass )
on S= B in the four-jet channel with one and two b-tags is
shown. For illustration, we vary ϵmass from 1 (i.e., no cut) to
0.1, with values of 0.4 < ϵmass < 0.5 being suggested by
Fig. 1(h) in [39]. This efficiency multiplies the two-fermion
background only, and for simplicity we assume that the
signal is not affected by the invariant mass cut (in reality
some signal events would be lost due to the reconstructed
peak at M H having a width). Taking ϵmass ¼ 0.4 and
MH ¼ 80 GeV, one can seepfrom
the right panel (for the
ﬃﬃﬃﬃ
two b-tag channel) that S= B improves from around 7
(ϵmass ¼ 1) to 9 (ϵmass ¼ 0.4).
Finally, we comment on a slight excess of events of
greater than 2σ significance that is present in the LEP
working group combination of the searches for eþ e− →
Hþ H − at all four experiments [43]. The excess occurs
around M H ¼ 89 GeV, BRðH → hadronsÞ ¼ 65% and
BRðH  → τνÞ ¼ 35%, and in our earlier work [13,21] we

pﬃﬃﬃﬃ
FIG. 11. Dependence of S= B on M H and on invariant mass cut (ϵmass ) at a single LEP experiment, with BRðH  → cbÞ ¼ 0.8 and
BRðH  → csÞ ¼ 0.2. Left panel: four-jet channel with one b-tag. Right panel: four-jet channel with two b-tags.
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TABLE VI. Number of signal events (S), number of background events (B), and corresponding significances (pSﬃﬃBﬃ) in five channels
at a single experiment at LEP2. Results are shown for MH ¼ 88, 89, 90 GeV, with BRðH  → cbÞ ¼ 0.5, BRðH → csÞ ¼ 0.15, and
BRðH  → τνÞ ¼ 0.35.
88 GeV

89 GeV

90 GeV

88 GeV

89 GeV

90 GeV

pSﬃﬃﬃ
B

pSﬃﬃﬃ
B

B

0.37
0.59
1.23
0.57
1.51

0.32
0.52
1.07
0.5
1.31

1117.8
91.44
9.94
316.9
14.04

M H

S

S

S

pSﬃﬃﬃ
B

4j0b
4j1b
4j2b
2j0b
2j1b

13.98
6.47
4.43
11.65
6.43

12.28
5.68
3.89
10.23
5.65

10.64
4.93
3.37
8.87
4.89

0.42
0.68
1.41
0.65
1.72

suggested the possibility of this being due to an H of a
3HDM. If such an excess is genuine, and if a large fraction of
the hadronic BR is from H → cb decays, then b-tagging
would increase the significance.
In Table VI, we show the
pﬃﬃﬃﬃ
values of S, B, and S= B for MH ¼ 88, 89, and 90 GeV.
We take BRðH → cbÞ ¼ 50% and BRðH  → csÞ ¼ 15%
(in order to obtain BRðH → hadronsÞ ¼ 65%) and
fix BRðH → τνÞ ¼ 35%.
In Table VI, one can see that S < B for all numbers
given, and the 4j0b and 2j0b channels (i.e., the current
searches) give significances of 0.37 and 0.57, respectively,
for M H ¼ 89 GeV. These numbers are for a single LEP2
experiment, and so it is conceivable that the combination of
four experiments could give the observed 2σ excess,
especially if there has been an upward fluctuation. In the
4j2b and 2j1b channels, these significances increase to
1.17 and 1.51, respectively, (i.e., a factor of 3 improvement), with the number of signal events (S) still being
above three events in each channel. Consequently, if the
excess is genuine, then its significance could be significantly increased in the 4j2b and 2j1b channels, assuming
that BRðH → cbÞ is large. As discussed in [21], such a
signal might also show up at the LHC in the channel
t → H b, which currently has sensitivity to the region
80 GeV < M H < 90 GeV for H → τν decays (but does
not yet have sensitivity to H → hadrons decays in this
mass region). However, if the couplings jXj and jYj [which
determine BRðt → H bÞ] are sufficiently small, then such
an H would remain hidden from LHC searches. At eþ e−
colliders, the production channel eþ e− → Hþ H − does not
depend on jXj and jYj, and a high luminosity eþ e− collider
would be able to probe the region 80 GeV < M H <
90 GeV irrespective of jXj and jYj.
B. Prospects for detecting H  → cb at
CEPC/FCC-ee
Future eþ e− colliders [51] are being discussed, which
would offer precise measurements of the properties of the
125 GeV neutral Higgs boson. Such colliders would also
permit detailed studies of a light charged Higgs boson.
There are two proposals for a circular eþ e− collider with a

pﬃﬃﬃ
period of operation at s ¼ 240 GeV: CEPC in China [52]
and FCC-ee [53] at CERN. These colliders would produce
a large number of Hþ H− events with a mass of up to
MH ¼ 120 GeV. The integrated luminosity at this energy
is expected to be of the order of 5 ab−1 , which is roughly
several thousand times larger than the total integrated
luminosity taken at a single LEP2 experiment (0.6 fb−1 ).
Two linear eþ e− colliders are also being discussed, the
International Linear Collider [54] and the Compact Linear
Collider [55], which will p
both
ﬃﬃﬃ offer the possibility of
energies much higher than s ¼ 240 GeV. In this work,
we will consider the detection prospects of the decay channel
pﬃﬃﬃ
H → cb at s ¼ 240 GeV only. As mentioned earlier,
BRðH  → cbÞ is expected to be at most of the order of 1% in
the Type I, Type II, and leptonic specific 3HDMs. Only the
flipped and democratic 3HDMs can have BRðH  → cbÞ
significantly larger than 1%. Consequently, precise measurements of BRðH → cbÞ could shed light on which
3HDM Yukawa structure is realized. It is our aim to see if
CEPC/FCC-ee would have sensitivity to smaller values (of
the order of a few percent) for BRðH → cbÞ. For the
number of background
events, we use the values from LEP2
pﬃﬃﬃ
(for which s ≈ 200 GeV) for simplicity and scale them by
the ratio of integrated luminosities (1000=0.6 ≈ 1670). The
parameter ϵc was taken to be 0.06 in our analysis at LEP2. At
CEPC/FCC-ee, we expect that this efficiency would be
improved, and thus we vary it in the range 0.01 < ϵc < 0.06.
A sizeable reduction in ϵc over its value at LEP2 would
decrease the background coming from c quarks faking b
quarks, thus significantly enhancing the significance of the
signal. We keep ϵb and ϵj at the LEP2 values, because
improvements in these parameters would not greatly
increase the significance of the signal. The input parameters
pﬃﬃﬃ
for the study of the detection prospects of H → cb at s ¼
240 GeV are summarized in Table III.
pﬃﬃﬃﬃ
In Fig. 12, the dependence of S= B on MH and ϵc at
pﬃﬃﬃ
s ¼ 240 GeV is shown, with BRðH → cbÞ ¼ 0.05
(which would only be possible in flipped/democratic
3HDMs) and BRðH → csÞ ¼ 0.95 (i.e., the decays to
leptons are absent). The left panel is for the four-jet channel
with one b-tag and the right panel is for the four-jet channel
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pﬃﬃﬃﬃ
pﬃﬃﬃ
FIG. 12. Dependence of S= B on MH and ϵc at s ¼ 240 GeV (CEPC/FCC-ee with 1 ab−1 ), with BRðH → cbÞ ¼ 0.05 and
BRðH  → csÞ ¼ 0.95. Left panel: four-jet channel with one b-tag. Right panel: four-jet channel with two b-tags.

with two b-tags. In the four-jet channel
with
one b-tag, it
pﬃﬃﬃ
ﬃ
can be seen
pﬃﬃﬃﬃthat very large values of S= B can be achieved
(e.g., S= B ≈ 30 for ϵc ¼ 0.03 and MH ¼ 90 GeV), and
thus precise measurements of BRðH  → cbÞ would be
obtained over a wide region of the plane ½MH ; ϵc . For

pﬃﬃﬃﬃ
BRðH  → cbÞ > 0.05, the values
pof
ﬃﬃﬃﬃ S= B would be even
larger. Note that the values of S= B are much lower in the
four-jet channel with two b-tags (right panel). This is
because BRðH → cbÞ ¼ 0.05, leading to a reduced number of signal events with two b quarks compared to the case

pﬃﬃﬃﬃ
pﬃﬃﬃ
FIG. 13. Dependence of S= B on M H and ϵc at s ¼ 240 GeV (CEPC/FCC-ee with 1 ab−1 ), with BRðH → cbÞ ¼ 0.01,
BRðH  → csÞ ¼ 0.50, and BRðH → τνÞ ¼ 0.49. Top left panel: four-jet channel with one b-tag. Top right panel: four-jet channel
with two b-tags. Bottom panel: two-jet channel with one b-tag.
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at LEP2 where the optimum scenario of BRðH → cbÞ ¼
0.8 was considered.
pﬃﬃﬃﬃ
In
Fig.
13,
the
dependence
of
S=
B on MH and ϵc at
pﬃﬃﬃ
s ¼ 240 GeV is shown, with BRðH  → cbÞ ¼ 0.01,
BRðH  → csÞ ¼ 0.50, and BRðH → τνÞ ¼ 0.49. The
top left panel is for the four-jet channel with one b-tag,
the top right panel is for the four-jet channel with two btags, and the bottom panel is for the two-jet channel with
one b-tag. In the four-jet channel with one b-tag and the
two-jet channel with one b-tag, a clear signal (and hence a
precise measurement) can be achieved over a wide region
of the plane ½M H ; ϵc . This would establish the presence of
H → cb decays even for BRðH  → cbÞ ¼ 0.01, a BR
that is theoretically possible in all five Yukawa structures.
V. CONCLUSIONS
The decay channel H → cb can have a large BR (up to
80%) in the flipped and democratic 3HDMs for MH < M t
and be compatible with constraints
pﬃﬃﬃ from b → sγ. The
current search at the LHC (with s ¼8TeV, L¼20fb−1 )
for t → H b followed by H → cb is not sensitive to the
region 80 GeV ≤ MH ≤ 90 GeV, although sensitivity
might be reached in future searches. LEP2 searched for
eþ e− → Hþ H− , assuming the main decay channels to be
H → hadrons and H →τν. In the region 80GeV≤MH ≤
90GeV, a sizeable part of the plane [BRðH  → hadronsÞ,
MH ] is not excluded at LEP2 if BRðH → hadronsÞ is
dominant. If BRðH  → cbÞ were large, then more of the
region 80 GeV ≤ M H ≤ 90 GeV could be probed at LEP2
by adding one or more b-tags to thepexisting
search strategy.
ﬃﬃﬃﬃ
We evaluated the significances (S= B) for H → cb decays
in three channels by taking the selection efficiencies and
backgrounds from the OPAL searches and applying realistic
b-tagging and fake b-tagging efficiencies. In the optimum

scenario of BRðH → cbÞ ¼ 80%
pﬃﬃﬃﬃ(BRðH → cbÞ ¼ 40%
for 2-jets), it was shown that S= B as large as seven, three,
and four could be obtained for M H ¼ 80 GeV in the three
channels: (i) four-jet plus two b-tags, (ii) four-jet plus one btag, and (iii) two-jets plus one b-tag, respectively. These
significances decrease to roughly 3, 1.4, and 1.7,
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