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CrossMark
Abstract

Searches for a charged Higgs boson (H*) decaying to a charm quark and a
bottom quark (H* — cb) have been carried out at the Large Hadron Collider
(LHC) in the decay of top quarks (t — H*b). In a recent search by the ATLAS
collaboration (with all run II data, 139 fb~!) a local excess of around 3¢ has
been observed, which is best fitted by a charged Higgs boson with a mass
(my+) of around 130 GeV and a product of branching ratios (BRs) given by
BR(t — H™b) x BR(HT — ¢b) = 0.16% + 0.06%. In the context of two-
Higgs-doublet models (2HDM) with independent Yukawa couplings for H*
we present the parameter space for which this excess (assuming it to be
genuine) can be accommodated, taking into account the limits from LHC
searches for H — ¢s and H- — 7v at my= = 130 GeV and the constraint from
b — sv. It is then shown that such an excess cannot be explained in 2HDMs
with natural flavour conservation, but can be accommodated in the flipped
three-Higgs-doublet model (3HDM) and in the aligned 2HDM (A2HDM).
Upcoming searches with 139 fb~! in the channels H* — cb (CMS), H* — cs
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(ATLAS/CMS) and H* — 7v (ATLAS/CMS) will determine if the excess is
the first sign of an H* with my+ = 130 GeV.

Keywords: charged Higgs boson, Large Hadron Collider, top quark decay

(Some figures may appear in colour only in the online journal)

1. Introduction

In the year 2012 the discovery of a new particle with a mass of around 125 GeV was announced
by the ATLAS and CMS collaborations of the Large Hadron Collider (LHC) [1, 2]. Ongoing
(run I and run IT) measurements of its properties are in very good agreement (within experi-
mental error) with those of the Higgs boson of the standard model (SM). In particular, it has
been established that the spin of the 125 GeV particle is zero (and hence it is a boson), and five
decay channels (yv, ZZ, WW, 77, and bb) have now been observed with a statistical signifi-
cance greater than 5o (e.g. see [3]). The above branching ratios (BRs) are in good agreement
with those of the SM Higgs boson, although the current experimental precision allows for small
deviations from these BR predictions in the SM. In addition, the four main production mech-
anisms (gluon—gluon fusion, vector boson (W/Z) fusion, associated production with a vector
boson, and associated production with top quarks) have been measured, with no significant
deviation so far from the predicted cross-sections of the SM Higgs boson. Measurements of
all the above BRs and cross-sections with the full run IT data (139 fb~! at /s = 13 TeV) have
been combined to show a signal strength relative to that of the SM Higgs boson of 1.02f8"gg
[4] (CMS) and 1.06 £ 0.06 [5] (ATLAS).

If the observed 125 GeV boson is indeed the (solitary) Higgs boson of the SM then the
ongoing (and future) experimental measurements of its properties would converge to the pre-
cise theoretical predictions for this particle. However, it is possible that the 125 GeV boson is
the first scalar to be discovered from a non-minimal Higgs sector i.e. the scalar potential con-
tains additional scalar isospin doublets or higher representations such as scalar isospin triplets.
In this scenario, future measurements (e.g. at the High Luminosity LHC and/or at a future e e~
collider) of the cross sections and BRs of the 125 GeV boson could start to show increasingly
significant deviations from those of the SM Higgs boson. Moreover, there would also be the
possibility of discovering additional neutral scalars, or physical charged scalars (H*) that are
present in such enlarged Higgs sectors.

In this work we shall focus on the searches for an H* from models with additional isospin
doublets. In the context of a two-Higgs-doublet model (2HDM) the lack of observation of an
H7 at the LHC rules out parameter space of tan 3 (which is present in the Yukawa couplings)
and my+, where tan 5 = v, /vy, and vy and v, are the vacuum expectation values (VEVs) of
the two Higgs doublets respectively (for reviews see e.g. [6, 7]). The mass of an H* could
be above or below the mass of the top quark (m,), and searches in both these scenarios have
been carried out at the LHC. In the former case a production mechanism for H* would be via
t — H*b, and it is on this process that we focus. In a 2HDM with natural flavour conservation
(NFC) [8] one expects the dominant decay channels of an H* with my+ < m, to be HX — cs
and H* — 7v. Although the partial decay width for the decay H* — cb has an enhancement
factor relative to the above channels due to m;, > m,, m., ms (the partial decay width depends
on the square of the fermion masses, as shown later), this decay channel has suppression from
the small Cabibbo—Kobayashi—Maskawa (CKM) matrix element V., (|Vep| < |Ves|). In three
of the four types of 2HDM with NFC, it has been known for a long time that BR(H* — cb) is
small (of the order of 1%) [9]. In the flipped 2HDM (which is one of the four types) a large
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BR(H* — cb) would be possible for large tan 3 and my+ < m, (this was first explicitly pointed
out in [10, 11]), but the strong constraint my+ > 500 GeV from b — sy [12—17] ensures that
H* — tb is open and hence is the dominant decay due to |V;;| = 1 and the large value of m;,.

In 2HDMs with NFC the interactions of H* with fermions at tree-level are determined by
one unknown parameter tan 3 and the phenomenology of H* will also depend on my;+ . As first
pointed out in [10] and subsequently developed in previous works by some of us [11, 18—-22],
it is possible for H= — cb to become the dominant decay channel for my+ < m, in models with
more than two Higgs doublets (while still keeping NFC) and also comply with the constraint
from b — 5. The same result is true in the aligned 2HDM [23] (A2HDM, which does not
have NFC but suppresses flavour changing neutral currents by a different mechanism). This
difference in phenomenology of H* is because the Yukawa couplings in the latter two models
depend on more than one parameter i.e. in a three-Higgs-doublet model (3HDM) with NFC
there are four parameters that determine the Yukawa couplings of H*, while in the A2ZHDM
there are five parameters.

The first search for H* — cb decays originating from ¢ — H*b was carried out by the
CMS collaboration in [24] with 20 fb~! of data at \/s = 8 TeV; limits on BR(t — H*b)
x BR(H* — cb) in the range 0.3% to 1.4% were obtained (with a dependence on m-).
Recently the ATLAS collaboration has carried out such a search with 139 fb~! of data at
\/s = 13 TeV [25], and obtained limits on BR(t — H*b) x BR(H* — ¢b) in the range 0.15%
to 0.42%. Of interest is a local excess of 3¢ significance (1.60 global) which is best fitted
by my+ = 130 GeV and BR(t — Hb) x BR(H® — cb) = 0.16% + 0.06%. In our previous
works [20-22] the magnitude of BR(t — H*b) x BR(H* — cb) as a function of the parame-
ters that determine the Yukawa couplings in 2HDMs and 3HDMs was studied, and the param-
eter space which would be probed in future LHC searches for t — H*b with H* — cb was
depicted. Building on the results of these works and assuming that the above excess is gen-
uine, in this work we quantify the parameter space which gives the above best-fit value for the
product of BRs with my+ = 130 GeV.

This work is organised as follows. In section 2 we give an introduction to the phenomenol-
ogy of the lightest H* in 2HDMs/3HDMs with NFC and in the A2HDM. In section 3 the
searches for t — H*b at the LHC are summarised, with attention given to the search for
H* — cb and the 30 excess at my+ = 130 GeV. In section 4 our results are presented, and
conclusions are contained in section 5.

2. Parameter space for a large BR(H* — cb) in 2HDMs and 3HDMs

In this section the parameter space for a large BR(H* — cb) is identified in the models under
consideration (2HDMs and 3HDMs). In section 2.1, the fermionic couplings of H* are dis-
cussed. These couplings depend on the masses of the fermions in the interaction, the relevant
CKM matrix element, and the parameters of the scalar potential. In section 2.2, the constraints
on these fermionic couplings of H* are summarised in each model. In section 2.3, explicit
formulae for the BRs of the decay of H* to fermions are given, and the condition for a large
BR(H* — cb) is described. The discussion in this section is an updated version of equivalent
discussions from our earlier works in [20-22]. A detailed review of the 2HDM is presented in
[6], and an increasing number of works are now focussing on various aspects of 3HDMs (both
theoretical and phenomenological) e.g. see [26, 27], with recent studies in [28—38].

2.1. Fermionic couplings of H* in the 2HDMs and 3HDMs

The Lagrangian in a 2HDM and in a 3HDM that describes the interactions of H* with the
fermions (the Yukawa couplings) can be written as follows (e.g. [10]):
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2V, 2
Lye = — {‘f 45 (mgXPg + m,YPL)d H + v2m
v v

ZurlrHY + H.c.} )
(D

Here u(d) refers to the up(down)-type quarks (i.e. u refers to the up, charm and top quark and
similar for d), and ¢ refers to the electron, muon and tau. Other symbols represent (i) chirality
projection operators (P, and Pg); (ii) CKM matrix element (V,); (iii) the VEV of the Higgs
boson in the SM (v = 246 GeV). The parameters X, ¥ and Z contain the dependence on the
parameters of the scalar potential. In a 2HDM there is only one H*, while in a 3HDM there
are two H*s which are usually labelled as H;" and H; (with My < mﬂgc).4 In the latter case,

equation (1) would be modified to have X;, Y¥;, and Z; for each H, ,i Flavour changing neutral
currents (FCNCs) that are mediated by scalars at tree-level must be strongly suppressed in
order to comply with experiment. Such neutral currents can be eliminated by requiring that the
Yukawa couplings are invariant under certain discrete symmetries (NFC, mentioned earlier), a
framework in which each fermion type receives its mass from one VEV only [8]. The charge
assignments of the scalar and fermion fields under the discrete symmetries can be found in
many works e.g. [21]. The requirement of NFC (which is not the only way to suppress FCNCs
to an acceptable level—see A2HDM [23] to be discussed later) leads to four distinct 2HDMs
[9]: type I, type II, lepton-specific, and flipped. In table 1 the couplings X, Y, and Z in these
2HDMs are given, and each coupling depends on just one parameter (tan [3) of the scalar poten-
tial. In contrast, the couplings X, Y, and Z of the lightest H= in a 3HDM with NFC are functions
of four parameters of the scalar potential. This can be understood as follows. A unitary matrix
U connects the charged scalar fields in the weak eigenbasis (47, ¢35, ¢3) with the physical
scalar fields (H7, Hf) and the charged Goldstone boson G* as follows:

G* oF
H | =U|¢f . 2)
Hy ¢

The couplings of Hy" are as follows [26]:

x=Yo y_ Yo ,_Us 3)

The values of d, u, and ¢ in equation (3) (not to be confused with the notation for the quarks
and leptons themselves in equation (1)) in these matrix elements of U are listed in table 2 and
depend on which of the five distinct 3HDMs with NFC is under consideration e.g. the choice of
d=1,u = 2,and ¢ = 3 means that the down-type quarks receive their mass from the VEV vy,
the up-type quarks from v,, and the charged leptons from v3 (a choice called the ‘democratic
3HDM’). The other possible choices of d, u, and ¢ in a 3HDM with NFC are given the same
names as the four types of 2HDM. The couplings of the H5" (i.e. the heavier charged scalar)
are obtained from equation (3) by making the replacement 2 — 3 in the numerators of X, Y,
and Z. The matrix U can be written explicitly as a function of four parameters tan /3, tan-y, 6,

4 Sometimes these are labelled as H; and Hj e.g. [26].
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Table 1. The couplings X, Y, and Z in the Yukawa interactions of H* in the four versions

of the 2HDM with NFC.

X Y VA
Type I —cotf3 cot 8 —cotf3
Type 11 tan 3 cot 3 tan 3
Lepton-specific —cot 3 cot 3 tan 3
Flipped tan 8 cot 8 —cotf3

Table 2. The five versions of the 3HDM with NFC, and the corresponding values of u,
d, and /. The choice of u = 2 means that the up-type quarks receive their mass from the
VEV v,, and likewise for d (down-type quarks) and ¢ (charged leptons).

u d l
3HDM (type 1) 2 2 2
3HDM (type II) 2 1 1
3HDM (lepton-specific) 2 2 1
3HDM (flipped) 2 1 2
3HDM (democratic) 2 1 3

and ¢, where

tan 3 = vy /vy, tan v = \/v} +v3 /v3 4)

and vy, vy, and v; are the VEVs of the three scalar doublets. The angle ¢ and the complex
phase d can be expressed explicitly as functions of several parameters in the scalar potential
[26]. The explicit form of U is:

1 0 0 1 0 0 sy 0 ¢ cg sz 0
U=10 e™ o] [0 ¢ sg e 0 1 0| |-ss ¢c5 O
0 0 1) \0 —spe ™ ¢ —c, 0 s, 0 0 1
S,},(S (&5} Sg 83 Cy
= | —cospe ™™ —spcqcp cocpe " —spcySs Spsy | - (5)
S8 e 10— CoCcyCs  —S9CR e 0 CoCyS3  CoSy

Here s and ¢ denote the sine or cosine of the respective angle (e.g. sg is sin 3). Hence the
functional forms of the couplings X, Y, and Z in a 3HDM with NFC depend on four parameters.
As mentioned earlier, in a 2HDM with NFC these couplings only depend on tan 5 due to the
analogous matrix U now being a 2 x 2 matrix with elements that depend on sin 8 and cos
only.

The A2HDM is a 2HDM in which NFC is not imposed [23]. Instead, both scalar doublets
(®, and ;) couple to all types of fermions, but tree-level FCNCs are eliminated due to an
alignment of the Yukawa couplings of ®; and ®,. The interaction of H* with the fermions in the
A2HDM is also described by equation (1). However, the couplings X, Y, and Z in the A2ZHDM
are determined by five independent parameters instead of the four parameters of the 3HDM.
Moreover, in contrast to the 3HDM, these five parameters do not arise from a unitary matrix
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U and thus they are not constrained by the requirement UU' = I, as pointed out in [26]. In the
A2HDM, the magnitudes |X|, |Y], and |Z| may be taken as independent input parameters. We
shall be presenting results for three classes of models: (i) the case of a 2HDM with independent
couplings X, Y and Z, an example being the A2ZHDM,; (ii) the 2HDM with NFC; (iii) the 3HDM
with NFC.

2.2. Constraints on the couplings X, Y, and Z

The couplings X, Y, and Z (and combinations thereof) are constrained from various processes.
‘We summarise here the bounds (which are also summarised in [20-22, 26]) that will be used
when generating our results in section 4.

In the context of the A2HDM (for which |X|, |¥|, and |Z| are independent parameters) a
detailed study can be found in references [39, 40]. To a good approximation, these constraints
can be directly applied to the lightest H li of a 3HDM provided that the contribution from the
heavier Hj to a given process is considerably smaller (e.g. if Myt > mHli). We will comment

below on the inclusion of H; on the constraints obtained from b — s and the electric dipole
moment of the neutron.

The strongest constraint on the coupling Y is from the measurement of the process Z — bb
at the LEP experiment. For my+ < m;, (i.e. the scenario on which we focus) the constraint is
roughly |Y] < 0.8 (with the assumption that |X| < 50, which ensures that the dominant contri-
bution to Z — bb is from the ¥ coupling). The coupling X is also constrained from Z — bb to
be roughly |X| < 50 — 100 for my+ < m, (with a dependence on |Y]). However, more impor-
tant to this work are the constraints on the plane [X, Y] from t — H*b (for which |Z] also has
an influence due its effect on the BRs of H*), as shown in [20, 22] and in section 4. A recent
study of the contribution of the scalars (both neutral and charged) in a 3HDM to Z — bb has
been carried out in [30].

The measured BR of the rare decay b — sy provides a constraint on the combination
Re(XY")

—1.1 <Re(XY*) <0.7. (6)

This constraint was derived in [40] for my+ = 100 GeV and will be slightly weaker for my+ =
130 GeV. Itis an approximation for the case when (i) the contribution from | ¥]? can be neglected
(which is a fairly good approximation because |Y| < 0.8 for my+ < m, as mentioned above)
and (ii) Im(XY*) is small (which is also a good approximation due to the electric dipole moment
of the neutron, as shown below shortly). Constraints on the H* contribution to b — sv in the
A2HDM without these two approximations are studied in [39]. Other works on the effect of H~
on b — s are usually in the context of the 2HDM with NFC (early works in [9, 41-44]) and
include various higher-order corrections to both the SM contribution and the H* contribution
[12-17].

The electric dipole moment of the neutron (a CP violating observable) provides the
following constraint on Im(XY ") [40]:

[Im(XY*)| < 0.1. (7

This bound is for my+ = 100 GeV and is an order-of-magnitude estimate. Other constraints
(such as |Z] < 40 and |XZ| < 1080 from processes involving leptons [26]) have very little
impact on our study. In our numerical analysis in section 4 we will respect all the above con-
straints. In the majority of our results the couplings X, Y, Z will be taken to be real, and so the
constraint from the electric dipole moment of the neutron will be automatically satisfied.

6
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In a 3HDM one would have contributions to » — sy and the electric dipole moment of
the neutron from both Hi" and Hy. As mentioned earlier, if My > myz then it is a good

approximation to apply the above constraints on X, ¥ and Z to Hj" alone. Studies of BR(b — 57)
in 3HDM s including the contribution from both H;" and H; have been carried out to next-to-
leading order accuracy in our previous work in [21, 45], and these results will be used in our
study of the 3HDM. The contribution to the electric dipole moment of the neutron from both
H f[ and Hf was studied in our previous work in [46], and is relevant when the couplings X;
and Y; (i = 1,2) have an imaginary part.

2.3. The branching ratios of H*

Only the decays of H* to two fermions will be considered in this work. In a 2HDM or 3HDM
there exist additional neutral CP-even scalars and CP-odd scalars and one or more of these
could be lighter than an H* of mass 130 GeV e.g. a CP-odd A°, the presence of which could
give rise to the decay H* — A°W™ with a magnitude that is determined by the mass splitting
of my+ and myo (the coupling H*AW is a constant gauge coupling). The discovered 125 GeV
boson is a CP-even scalar, and if it is the lightest CP-even scalar in a 2HDM or 3HDM then
this is called the ‘normal’ scenario. If the 125 GeV boson is not the lightest CP-even scalar and
is instead one of the heavier CP-even scalars (labelled by H°, called the ‘inverted scenario’)
then the decay channel H* — h®W* with m,o < 125 GeV (h° being the lightest CP-even scalar
that has not been discovered yet) would be open. In 2HDMs the H*h°W coupling is propor-
tional to cos(8 — «) and so it would be maximised for the inverted scenario of (the discovered)
H° having SM-like couplings i.e. cos(3 — a) ~ 1 with myo = 125 GeV. Studies of the case
where H* — h°W* and/or H* — A°W* have a sizeable (or even dominant) BR can be found in
[19,20, 47-54]. We assume that these decays are negligible/absent, and this is achieved by (i)
taking m4o0 > mpy+ in both the normal and inverted scenarios and (ii) in the inverted scenario
by having a small mass splitting m+ — m,0 which would suppress H* — h°W*. If either (or
both) of these decays has a sizeable BR then the BRs of H* to two fermions would be decreased
significantly. The decay r — H*b with H* — A°W (i.e. an on-shell W) has been searched for
at the LHC for the decay mode A” — ;i 1~ [56]. No searches at the LHC have yet been car-
ried out for the decay modes A® = 7T 7~ and A° — bb from t — H*b, although such searches
were carried out at the Tevatron and LEP2 respectively. The decay A — bb from t — H*b with
H* — A°W would perhaps contribute at some level to the signal for r — H*b with H — ¢b,
as mentioned in [20].

We note that the decay H* — h®W*/H°W* to the (discovered CP-even) 125 GeV boson
(either h° or H, depending on whether one has normal or inverted scenario) is open for our case
of interest of my+ = 130 GeV. However, its partial width is very small due to the strong phase
space suppression from the small mass splitting of around 5 GeV. Moreover, the couplings
H*h°W and H* H°W would both be suppressed as the 1° or H° are both SM-like in this case,
and thus the trigonometric factors in these couplings would both be very close to zero.

In a 2HDM/3HDM the tree-level expressions for the partial widths of the decay modes of
H™ to fermions which are lighter than the top quark (and so the phase space suppression factor
can be neglected) are given by (e.g. see [6, 48, 55]):

GFmHimﬂZ‘z

47r\/§ ’

['(H® — (*v) = ®)

_ 3G Vigmp=(m3|X > + m2|Y)?)

47r\/§

7

T(HY = ud) &)
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In the expression for [(H= — ud) the running quark masses are evaluated at the scale (Q) of
my+, and this encompasses the bulk of the QCD corrections. There are also QCD vertex correc-
tions which multiply the partial widths by (1 + 17a,/(37)). A study of the BRs as a function of
|X|, |Y], and | Z| was first given in [11] and more recently in [20, 22]. For |X| > |Y], |Z| the decay
channel BR(H* — cb) dominates (which was first mentioned in [10], although no numerical
study was carried out), reaching a maximum of around 80%. In this limit (in which |X| is the
dominant coupling), it can be easily shown from equation (9) that the ratio of the partial widths
of H* — cb and H* — cs is given by

BR(H® s cb)  |Vpl?m2
BR(H* = cs)  |Veg|Pm2”

(10)

The value of my evaluated at the scale of my+ is crucial in determining the magnitude of
BR(H* — cb), with smaller values of m,(Q = my+) giving rise to a larger BR(H* — ¢b). The
importance of the value of m; in determining the BRs of H™ is a unique feature (in phenomenol-
ogy of Higgs bosons in general) of this specific scenario of |X| > |Y], |Z|. The world averages
of lattice calculations [57] of my give m(Q =2 GeV) =92.24+ 1.0 MeV for Ny =2+ 1
(Ny is number of flavours) and m (Q = 2 GeV) = 93.40 & 0.57 MeV for Ny =2+ 1+ 1.
Taking my(Q = 2 GeV) = 93 MeV one finds that m,(Q = 130 GeV) ~ 55 MeV, leading to
BR(H* — cb) ~ 80% (with m,(Q = 130 GeV) = 2.95 GeV). In a 2HDM with NFC the only
model (of the four) which contains a parameter space for a large BR(H* — cb) with my+ < m,
is the flipped model. This possibility was mentioned in [10, 11, 19] and studied in more detail
in [58, 59] (but using a larger m; than the above value of 55 MeV). However, in the flipped
2HDM the b — s7y constraint would require my+ > 500 GeV [17] for which H* — tb would
be the dominant decay channel.

The first study of the dependence of the BRs of H* in 3HDM s in terms of the parame-
ters tan (3, tany, 6, and ¢ (which determine the values of X, Y, and Z) was given in [21], with
further detailed studies in [22]. It was shown that a large BR(H* — ¢b) with my+ < my (i.e.
the condition |X| >> |Y], |Z] is possible) can be obtained in the flipped and democratic 3HDMs
only.

We now briefly mention other models in which a large BR(H* — ¢b) is possible. In the
2HDM (type III) the fermions receive their masses from both VEVs. Consequently, there are
scalar FCNC:s at tree level, and these are suppressed by small couplings instead of an alignment
of Yukawa matrices. The Yukawa couplings of H* in the 2HDM (type III) depend on more
parameters than in the A2HDM and hence a large BR(H* — cb) can be obtained [60]. Similar
comments apply to 3HDMs without NFC [32] and four-Higgs-doublet models with NFC [26].
In models for which X, Y, and Z depend on several parameters one expects some parameter
space for |X| > |Y|, |Z| and thus the possibility of a large BR(H* — ¢b) for my+ < m, while
satisfying the b — sy constraint.

3. Searches for t — H*b for at the LHC

Before the commencement of the LHC, searches for ete~ — HTH~ at LEP2 obtained limits
on my= in the range 74 — 90 GeV [61] for the decay channels H* — 7v and H* — cs +
cb (called ‘hadronic channel’ in which the s, ¢ and b quarks are not distinguished), with the
assumption BR(H* — 7v) + BR(HT — ¢s + ¢b) = 1. The dominant production mechanism
at the LHC for an H* being lighter than the top quark is the process pp — 7 followed by the
decay t — H*b. Prior to the LHC, searches in this channel were carried out at the Fermilab
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Tevatron [62, 63] (using pp — £f), but the sensitivity to BR(r — H*b) is much greater at the
LHC.

From the 77 pair, the signal is taken to be one top quark decaying conventionally via t —
Wb (with a BR very close to 1) and the other top quark decays via t — H*b i.e. the signal
is 1 — H*bW*b. The case of both top quarks decaying to Hb gives a negligible number
of events. At the LHC four decay channels of H* have been searched for: Tv, cs + cb, cb,
and AW with subsequent decay A° — p+ . The latter search [56] requires an on-shell W
(and hence my < my+ — my), and will not be considered in this work. From the lack of any
statistically significant signal, limits are obtained on the products BR(t — H*b) x BR(H* —
Tv /cs + ¢b/cb), which will be discussed in detail below. Taking |Vy;,| = 1 and neglecting small
terms that depend on my, (apart from m; in Yukawa coupling of H*) one has the following
expressions for the decays of a top quark to a W boson or an H*:

GFm

D= Wb) = o \@’r[m,2 + 2m1[1 — my, /m] T, (11)
Grm

T(t — H*b) = L [m2|Y]* + m2|X]P1[1 — m2e /m? ]2

8\/§7r

As can be seen from the above equations, BR(# — H*b) depends on the magnitude of |X| and
|Y|. As discussed in section 2, the BRs of H* depend on the relative values of |X], |Y| and |Z|.
The LHC has accumulated around 139 fb~! of integrated luminosity at \/s = 13 TeV. Not all
of this data has been used yet in the searches for t — H*b, which are summarised in table 3.

3.1 Decay H* — v

For the decay H* — Tv there are four basic signatures which arise from 7 — H*bW*b. Each
of H* and W+ has a leptonic decay mode (H* — 7v — fvv, W* — pFv, e*v) and a hadronic
decay mode (H* — 7v — hadrons + several v, W* — ¢g). Only a subset of these signatures
has been searched for in the two searches below.

A CMS search was carried out with 13 TeV data and 36 fb—! [73]. The following three
signatures were searched for:

(a) Leptonically (e*, ;%) decaying W* and hadronically decaying 7.
(b) Hadronically decaying W* and hadronically decaying 7.
(c) Leptonic final state without a hadronically decaying 7.

The limits are obtained by combining these three separate searches. Significantly improved
upper limits on BR(r — H*b) x BR(H* — Tv) were obtained, ranging from <0.36% for
my+ = 80 GeV to <0.08% for my+ = 160 GeV. The limit for my+ = 130 GeV is roughly
<0.14%.

There has been a search with the 13 TeV data [71] from the ATLAS collaboration using
36 fb~!. Two signatures were targeted, these being the leptonic and hadronic decays of the
W+ boson where the 7 is taken to decay hadronically in both cases. No limits are pre-
sented for the region 80 GeV <my+ < 90 GeV (unlike the CMS search), but similar limits
on BR(t — H*b) x BR(H* — 7v) to the CMS search in [73] were obtained in the range
90 GeV < my+ < 160 GeV. The limit for my+ = 130 GeV is roughly <0.11%.

3.2. Search for H* — cs/cb

For my+ < m, the dominant hadronic decay modes are H* — cs and H* — cb. Other decay
channels to two quarks are suppressed by small quark masses and/or small CKM matrix ele-
ments. LHC searches have been carried out that are sensitive to the sum of BR(HT — ¢s) and
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Table 3. Searches for H* at the LHC, using pp — #f and t — H=b. The integrated lumi-
nosities for the searches are given next to the collider energy /s, the exception being
the search for cb [25] at 13 TeV by ATLAS, which used 139 fb~!.

/s (integrated luminosity) ATLAS CMS

7TeV (5fb 1) cs [64], Tv [65, 66] T [67]

8 TeV (20 fb— 1) TV [68] cs [69], cb [24], Tv [70]
13 TeV (36 fb 1) cb [25], Tv [71] cs [72], Tv [73]

BR(H* — cb), which we will label as BR(H* — cs + cb). In the publications of these LHC
searches, BR(H* — cs) is assumed to be much larger than BR(H* — cb), and hence the sig-
nal is labelled as ‘H* — ¢s” instead of ‘H™ — c¢s + cb’. We will use the latter labelling, as
we will focus on the case of BR(H — cb) being comparable or greater in magnitude than
BR(H* — cs).

The first search for HT — cs + cb at the LHC was by ATLAS [64] with 5 fb~! of data at
7 TeV. A search was then carried out by CMS [69] using 20 fb~! of data at 8 TeV. In [69] the W
boson is taken to decay leptonically. A b-tag requirement is used to identify the two b-quarks
that arise from the decay of the r-quarks. The presence of H* would show up as a peak at my;-
in the invariant mass distribution of the two quarks that are not b-tagged (which are assumed
to be the c and s quarks that originate from H). From the lack of any statistically significant
signal, limits on the product BR(t — H*b) x BR(H* — cs + cb) are obtained, which range
from around <5% for my+ = 90 GeV to <2% for my+ = 160 GeV. These limits are weaker
than those from H* — 7v decay for a given my=. In [69] there are no limits in the region
80 GeV <mpy+ < 90 GeV. This is because the dominant background from W — gg decays
gives rise to a peak centred on around 80 GeV.

A search for H* — ¢s + cb with 36 fb~! of data at 13 TeV was carried out by the CMS
collaboration in [72]. In addition to the increased integrated luminosity and centre-of-mass
energy compared to the search in [69], charm tagging on the ¢ quark from H* — c¢s decay was
used to further increase the sensitivity. Limits of around <1% are set on the mass range 80
GeV <my+ <90 GeV (a region for which there was no limit in [69]), improving to around
<0.3% for 100 GeV < my+ < 160 GeV. The limit for my+ = 130 GeV is <0.27%.

3.3. Search for H= —cb

Early phenomenological discussions of a direct search for H* — cb at high-energy colliders
by implementing a b-tag (to distinguish this channel from H* — ¢s and to reduce backgrounds
from W — ud/cs) can be found in [10, 11, 19] in the context of LEP2 (at which no dedicated
search for H* — cb was carried out). The possibility of ¢t — H*b followed by HX — cb at
hadron colliders (Tevatron and LHC) was first mentioned in [18] and later in [59] (the latter in
the context of the flipped 2HDM). A first rough estimate of the gain in sensitivity that could
be achieved by tagging the h-quark from H* — cb as well as a study of the parameter space of
|X|, |Y| and |Z| that could be probed at the LHC in the channel t — H*b, H* — cb was given
in [20].

Motivated by the possibility of a large BR(H* — ¢b) in the models described in section 2,
two dedicated searches have been carried out for H* — cb at the LHC. The search differs from
that for H* — cs + cb due the extra requirement of a third tagged b quark (from H* — cb),
which suppresses any contribution to the signal from H= — cs. The CMS search [24] for
H* — cb is with 20 fb~! of data at 8 TeV, and uses the leptonic (e*, u*) decay of W. Signal
events have three b—quarks, and a fitting procedure was carried out in order to correctly iden-
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tify the tagged b—quark that arises from H* — cb. This b—quark is then used (together with
the non-b-tagged ¢ quark) in the invariant mass distribution of H=. The extra b—tag reduces the
backgrounds (e.g. W — ud, cs in the decay ¢ — Wb) relative to the search for H* — cs + cb.
Moreover, the background from W — cb, which has a b quark, is very suppressed due to the
small value of the CKM matrix element |V, |. The limits on BR(z — H*b) x BR(H* — cb)
are around <1.4% for my+ = 90 GeV, and strengthen with increasing my+ to <0.3% for
my+ = 150 GeV. No limits are given in the mass range 80 GeV < my+ < 90 GeV. These lim-
its are stronger than those for H* — ¢s + cb for a given my+ with the same /s and integrated
luminosity i.e. comparing the limits in [69] for H= — ¢s + cb with those in [24] for H — cb
(both with 20 fb~! of data at /s = 8 TeV) one sees that the expected limits on H= — cb are
roughly a factor of two stronger than those for H* — hadrons. The limit for my+ = 130 GeV
is approximately <0.40%.

Recently a search has been carried out by ATLAS [25] using 139 fb~! of integrated lumi-
nosity with /s = 13 TeV. A neural network with thirty input variables is used to separate
the H* — cb signal from the background. The search in [25] has an expected sensitivity of
BR(t — H*b) x BR(H* — cb) ~ 0.1% in the mass region 60 GeV < my+ < 150 GeV. This
is a significant improvement over the sensitivity in [24], which is 0.6% — 0.8% in the range
90 GeV < my+ < 150 GeV. Moreover, a limit is also obtained for the region 60 GeV < my+ <
90 GeV (which is not covered in [24]). The observed limits in [25] are always above the
expected limits for a given my+. For 60 GeV <mpy+ < 110 GeV the observed limit varies
between 0.15% and 0.20%. For my+ = 120 GeV, 130 GeV, 140 GeV and 150 GeV the observed
limits are approximately 0.25%, 0.30%, 0.25% and 0.20% respectively.

3.4. Local excess of 30 at my= = 130 GeV in the search for H* — cb by ATLAS

In the ATLAS search [25] there is a local excess of around 3¢ around my+ = 130 GeV. The
global significance is 1.60. So far there has been no CMS search with 139 fb~! of integrated
luminosity with /s = 13 TeV, and (as mentioned above) the CMS search with /s = 8 TeV
gave an observed upper limit of <0.4% for my+ = 130 GeV. Taking this excess as genuine, the
best-fit value is BR(t — H*b) x BR(H* — ¢b) = 0.16% =+ 0.06%. In the context of several
models with an H* we will show in section 4 the region of parameter space that provides this
best-fit value, while respecting constraints from the searches for H* — ¢s + ¢b, H* — v, and
the measurement of BR(b — s7).

In our earlier work [20, 22] we studied the magnitude of BR(r — H*b) x BR(H* — cb) and
BR(t — H*b) x BR(H* — cs + cb) in specific models in which a large value of BR(H* — cb)
is possible. In [20] the dependence of the above products of BRs (for my+ = 80 GeV and
120 GeV) on |X| and |Y| with |Z] = 0.1 was presented in which |X], |Y|, |Z] were taken as
independent parameters. Contours of BR(t — H*b) x BR(H — cb) were plotted in the plane
[1X], Y]] with the value of the smallest contour being 0.2% i.e. roughly the same as the
above best-fit value of 0.16% 4= 0.06%. In [22] the work of [20] was extended to the case
of the lightest H* in 3HDMs with NFC. In [22] an updated version of the above plot in the
[1X], Y]] plane (with |Z| = 0.1) was given with the value of the smallest contour now being
0.1% and my+ = 130 GeV. However, the main purpose of [22] was to study the dependence
of BR(t — Hb) x BR(H™ — cb) and BR(t = H*b) x BR(H* — cs + cb) on tan 3, tan, 6
and §. The magnitude of these products of BRs was plotted in the plane [tan-y,tan ],
depicting contours of 0.1% and 0.5% (and higher values) with my+ = 80 GeV and
130 GeV.

Although the parameter space for BR(t — H*b) x BR(HT — cb) = 0.16% =+ 0.06% can
be approximately read off from various plots in [20] (in terms of |X|, | Y|, |Z|) and [22] (in terms
of tan /3, tany, 6, §), in this work we present some important updates of those earlier works:
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(a) We clearly depict in the region BR(t — H*b) x BR(H* — cb) = 0.16% + 0.06% in the
planes [|X]|, |Y|] and [tan -y, tan 3].

(b) In the works of [20, 22] the value |Z| = 0.1 was taken, but in this work we will display
results for several values of |Z|. Importantly, we will discuss the maximum allowed value
of |Z| that is consistent with the 30 excess.

(c) We impose the upper limits on BR(r — H*b) x BR(H* — 7v) and BR(t — Hb) x
BR(H* — ¢s + cb), which will restrict the parameter space that is consistent with the 3¢
excess.

4. Results

Assuming the 3¢ excess to be genuine and resulting from a H* of mass 130 GeV with 0.10%
< BR(t — H*b) x BR(H* — cb) < 0.22%, in this section we study the parameter space in
three separate classes of models that could give rise to such a signal:

(a) A model with one H* and |X|, |Y], |Z| taken as independent parameters.
(b) 2HDMs with NFC.
(c) 3HDMs with NFC.

Case (a) is well approximated by the A2ZHDM. We will also impose the constraint on the
parameter space of H* from a lack of signal in the channels t — H*b with H* — hadrons or
H* — 7v, as well as the constraint from the measurement of BR(b — s7).

Figure 1 (left panel) is for case (a) in which the region in the plane [|X]|, |Y|] that gives
0.10% < BR(t — H*b) x BR(H* — cb) < 0.22% for my= = 130 GeV is displayed. This is
a model independent approach in which |X|, |¥| and |Z| are taken as independent parameters,
but this scenario also has an interpretation in the A2HDM. Three separate figures are shown,
each with a different value of |Z| (we take |Z| = 0.1,0.5 and 0.9). The region consistent with
measurements of BR(b — s7y) lies below the curves of |XY*| < 0.7 or |XY*| < 1.1, depend-
ing on the sign of Re(XY") in equation (6). As discussed in section 3, the current upper limit
on BR(t — H*b) x BR(H* — 7v) for my+ = 130 GeV is around 0.11% from ATLAS and
0.14% from CMS, with both limits using 36 fb~! of integrated luminosity at /s = 13 TeV.
On figure 1 we (conservatively) take this upper limit to be 0.15%, and we also show a con-
tour of 0.05% which might be attainable with the full run II integrated luminosity of 139 fb~!,
Also depicted is the upper limit on BR(t — H*b) x BR(H* — c¢s + cb) for my+ = 130 GeV,
which is 0.27% from CMS with 36 fb~! of integrated luminosity at /s = 13 TeV (no run II
search yet from ATLAS). We also show a contour of 0.15% which might be attainable with
the full run II integrated luminosity of 139 fb~! in this channel. In figure 1 (left panel) the
shaded/yellow region in each plot corresponds to contours of BR(t — H*b) x BR(H* — cb)
0f 0.22% (upper) and 0.10% (lower). For the case of |Z| = 0.1, all of the shaded/yellow region
lies below the b — sy contours, and much of the region survives the current constraints from
H* — cs + cb and HE — Tv i.e. a sizeable part of a rectangle defined by 0.5 < |X| < 6.5 and
|Y| < 0.15 would give the required product of BRs. If the excess is genuine, then a signal in the
channels H* — 7v and HF — ¢s + cb would also start to show (with 139 fb~') in those parts
of the shaded/yellow region that lie between the contours 0.15% and 0.05% for (H* — Tv)
and between the contours 0.27% and 0.15% (H* — cs + cb). There is a small shaded/yellow
region that lies below the 0.05% and 0.15% contours, for which no signal for H* — 7v and
H* — cs + cb would start to show with the run II data (139 fb~'). In the shaded/yellow
region for a fixed value of |Y| the value of BR(H* — cb) will be larger as |X| increases. In
table 4 for specific values of |X|, |Y| and |Z| the values of BR(t — H*b), BR(H* — cb) and
BR(t — H*b)x BR(H* — cb) are given in this region (for my+ = 130 GeV).
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BR(t— H*b) X BR(H*~cb/(cb + cs)/Tv,), BR(t= H*b) X BR(H*=cbjicb + cs)jtv,),
My== 130 GeV, |Z] =0.1 Mpy== 130 GeV, |Z] =0.5
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Figure 1. Left panel: the shaded/yellow region in the plane [|X|,|Y|] corresponds to
BR(z — H*b) x BR(H* — cb) = 0.16% =+ 0.06% with my= = 130 GeV and |Z| =
0.1. Also depicted are (i) contours of BR(t — H*b) x BR(HT — cs + cb) with val-
ues 0.27% (current limit) and 0.15% (future run II limit); (ii) contours of BR(t —
H*b) x BR(H* — 7v) with values 0.15% (current limit) and 0.05% (future run II limit);
(iii) contours of the constraint b — s with the upper (lower) curve corresponding to
Re(XY*) = —1.1(0.7). The allowed parameter space lies below these contours. Right
panel: same as the left panel, but with |Z] = 0.5.

Table 4. Values of BR(r — H*b), BR(H® — cb) and BR(t — H*b) x BR(H* — cb)
for specific values of |X]|, |¥| and |Z| which give rise to 0.10% < BR(t — H*b) x BR
(H* — cb) < 0.22% (for my= = 130 GeV).

Myt Xl Y] |zl BR(t— H*b) BR(H® —cb) BR(t— H*b) x BR(H® — cb)
130GV 1 0.10 0.10 0.232% 46.5% 0.108%
130GeV. 2 0.10 0.10 0.250% 68.7% 0.172%
130GeV. 4 005 0.10 0.154% 78.9% 0.121%
130GeV. 4 0.10 0.50 0.322% 44.9% 0.145%
130GeV. 6 005 0.50 0.275% 60.1% 0.165%
130GeV. 7 001 0.0 0.299% 64.7% 0.193%

In figure 1 (right panel) we take |Z| = 0.5, which increases BR(H* — 7v)relative to figure 1
(left panel). The shaded/yellow region now shifts to the right because larger values of |X| are
needed to maintain 0.10% < BR(r — H=b) x BR(H* — ¢b) < 0.22% with the larger value
of |Z|. A sizeable part of a rectangle defined by 4 < |X| < 7 and |Y¥| < 0.15 would explain
the excess, and would guarantee a signal in the channel H* — 7v with all the run II data
because the entire shaded/yellow region lies above the 0.05% contour. No signal in the channel
H* — 7v with 139 fb~! would disfavour the interpretation of the excess being genuine for this
value of |Z| = 0.5. In figure 2 we take |Z| = 0.9, which further increases BR(H* — 7v). One
can see that only a small part (around |X| = 7) of the shaded/yellow region lies below the 0.15%
contour, and if the excess is genuine a signal would start to show in the H* — 7v channel with
all the run II data. For values of |Z| > 1, the yellow/shaded region moves further to the right,
and it is not possible to simultaneously respect the current limit on H= — 7v (0.15% contour),
b — s7y, and have 0.10% < BR(r — H*b) x BR(H — ¢b) < 0.22% for my+ = 130 GeV. For
values |Z| > 1, the contour 0.05% for the H* — 71 search rules out all of the [X, Y] plane
except for a region of small |X| and |Y].
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BR(t—= H*b) X BR(H*=cb/(cb + cs)/Tv,),
My== 130 GeV, |Z| =0.9
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Figure 2. Contours of BR(z— H*b) x BR(HT — cb) in the plane [|X|,|Y]] with
my+ = 130 GeV and |Z| = 0.9.

Having discussed the excess in the context of a 2HDM with independent couplings |X],
|Y| and |Z| we now turn our attention to 2HDMs with NFC, of which there are four distinct
types (as discussed in section 2.1). In such models these couplings are not independent and
depend on just one parameter tan 3, as shown in table 1. In figure 3 the y—axis refers to
any of the three products BR(t — H*b) x BR(H* — cb), BR(t — H*b) x BR(H* — cs + cb)
and BR(r — H*b) x BR(H* — 7v), which are displayed by solid lines as a function of tan /3
(x—axis). The dotted horizontal lines depict the upper bounds for the searches for H= — 1v
and H* — hadrons, as well as the region BR(t — H*b) x BR(H* — cb) = 0.16% =+ 0.06%.
The left panel is for the 2HDM (type I) and the right panel is for the 2HDM (type II), with
mpy+ = 130 GeV. Figure 4 is the same as figure 3 but for the 2HDM (lepton-specific) in the left
panel and the 2HDM (flipped) in the right panel. As discussed in section 2.2, the decay b — sy
constrains X, Y for a particular value of my+. In the 2HDM (type II) and 2HDM (flipped)
one has XY* = tan S cot 8 = 1, leading to my+ > 500 GeV [12-17]. Hence my+ = 130 GeV
is not possible in either of these models. However, if an extension of the SM has either of
these 2HDM structures as well as additional particles that also contribute to b — s [e.g. the
minimal supersymmetric SM (MSSM), which has the form of a 2HDM (type II) but with
charginos x; and x5 ] then my= = 130 GeV might be possible due to destructive interference
between H* and the additional particles in the prediction for 5 — sv. Hence we show results
in both the 2HDM (type II) and 2HDM (flipped), assuming that additional particles in the
model can allow my+ = 130 GeV to be compatible with b — sv. Note that in the MSSM with
R-parity conservation there is no coupling between x;* and two fermions, and thus ;" can-
not give a signal identical to t — H*b. In the 2HDM (type I) and 2HDM (lepton-specific)
one has XY* = —cot?3. The bound on Re(XY*) in equation (6) (which roughly applies to
my+ = 130 GeV) can be satisfied for appropriately chosen values of cot 3 (i.e. cot? 3 < 1.1,
giving approximately the bound tan 8 > 1).

In figure 3 (left panel) for the 2HDM (type I) it can be seen that there is only a very small
region around tan3 = 1 that predicts BR(t — H*b) x BR(H* — cb) = 0.16% + 0.06%,
but this region of tan 3 is ruled out from the searches for H* — ¢s + cb and H* — v,
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Figure 3. Left panel: in the 2HDM (type I) with my+ = 130 GeV, on the y—axis
the three products BR(t — Hb) x BR(H™ — cb), BR(t — H*b) x BR(H™ — ¢s + cb)
and BR(t — H*b) x BR(H* — 7v) are displayed (by solid lines) as a function of tan 3.
Also depicted are the current upper limits (dotted lines) on the channels 7v (<0.15%)
and cs + cb (<0.27%), and BR(t — H*b) x BR(HT — cb) = 0.16% + 0.06%. Right
panel: same as the left panel, but for the 2HDM (lepton-specific).

BR(t— H*b) X BR(H*-cb/(cb + cs)/Tu,), BR(t-» H*b) X BR(H*-cb/(cb + cs)/Tv),
My:= 130 GeV, Type -ll My+= 130 GeV, Type -Flipped
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—— BR{t- H*b) X BR(H *~= cb) (%)
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—— BR(t— H*b) X BR(H*—cb) (%)
BR(t— H*b) X BR(H "~ (cb+cs)) (%)
—— BR(t— H*b) X BR(H *—Tv.) (%)
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Figure 4. Left panel: in the 2HDM (type II) with my+ = 130 GeV, on the y—axis
the three products BR(t — H*b) x BR(HT — cb), BR(t — H*b) x BR(H™ — ¢s + cb)
and BR(t — H*b) x BR(H* — 7v) are displayed (by solid lines) as a function of tan 3.
Also depicted are the upper limits (dotted lines) on the channels 7v (<0.15%) and
¢s + cb, and (<0.27%), and BR(t — H*b) x BR(H — cb) = 0.16% = 0.06%. Right
panel: same as the left panel, but for the 2HDM (flipped).

which require approximately tan 5 > 5 and >10 respectively. A similar behaviour is seen
in figure 3 (right panel) for the 2HDM (lepton-specific), for which H* — ¢s + cb and
H* — 7v require approximately tan3 > 2 and >12 respectively, while BR(t — H*b) x
BR(H* — cb) = 0.16% % 0.06% is again obtained only for tan 3 ~ 1. As mentioned earlier,
on these plots the b — s7y constraint is roughly given by tan 5 > 1. Hence neither of these mod-
els can explain the 30 excess, but both allow an H* of 130 GeV for tan 3 > 10 (in type I for
which the BRs of H* are independent of tan 3) and tan 3 > 12 (in lepton-specific, for which
BR(H* — 7v) would dominate for tan 3 > 12). More generally, in both of these models there
always exists a parameter space of larger values of tan 3 for which the possibility of the decay
t — H*b is not ruled out.
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Figure 5. Left panel: in the 3HDM (flipped) with My = 130 GeV and Myt = 700

GeV, the shaded/yellow region in the plane [tan -y, tan ] corresponds to BR(r — H £h) x
BR(Hi — ¢b) = 0.16% =+ 0.06%. Also depicted are (i) contours of BR(t — Hib) X
BR(Hi — ¢s +cb) = 0.27% and BR(t — Hy'b) x BR(H; — 7v) = 0.15% (current
experimental upper limits); (ii) contours of BR(b — s) with the upper (3.77 x 107%)
and lower (2.87 x 10~%) limits at 30, and the experimental central value of 3.32 x 10~%,
The allowed parameter space lies between the contours of 3.77 and 2.87, and to the
right of the contours of 0.27% and 0.15%. Right panel: same as the left panel, but for
Mys = 800 GeV.

In figure 4 (left panel) for the 2HDM (type II) it can be seen that there are two regions that
predict BR(t — H*b) x BR(HT — cb) = 0.16% + 0.06%, these being roughly 1 < tan 3 < 2
and 33 < tan 8 < 52. However, the search for H* — 7v rules out all values of tan 3 and thus
the excess at my+ = 130 GeV cannot be accommodated in the 2HDM (type II). In figure 4
(right panel) for the 2HDM (flipped) it can be seen that there is only one region that pre-
dicts BR(t — H*b) x BR(H* — ¢b) = 0.16% = 0.06%, this being roughly tan 3 ~ 1. How-
ever, the search for H — 7 rules out tan 5 < 5, while the search for H* — ¢s + cb rules
out all values of tan 5. As discussed in section 2.3, the 2HDM (flipped) is the only 2HDM
with NFC that has a parameter space for a large BR(H* — cb). This can be seen on the
plots, which show an increasingly large value for BR(t — H*b) x BR(H* — cb) as tan 3
increases. In conclusion, none of the four 2HDMs with NFC can accommodate the excess at
my+ = 130 GeV, and only the type I and lepton-specific models allow a parameter space of
tan 3 for which my+ < m; — my,.

The previous plots were for 2HDMs in different scenarios. We now turn our attention
to a third class of models i.e. 3HDMs with NFC. As discussed in section 2, in 3HDMs
there are two charged scalars (labelled by H:* with i = 1,2) and the couplings X;, ¥; and
Z; depend on the four parameters tan 3, tan-y, 6 and J. Of the five distinct 3HDMs listed in
table 2 we focus on the 3HDM (flipped) for which BR(H* — cb) can be dominant. Figure 5
is similar to figures 1 and 2 but in the plane [tan~y,tan 3] for the 3HDM (flipped) with
My = 130 GeV and My = 700 (left panel) and My = 800 GeV (right panel). We take
0 = —x/2.1 and 6 = 0. As before, the shaded/yellow region in the plane [tan ~, tan 3]) corre-
sponds to BR(t — H;"b) x BR(H;" — cb) = 0.16% + 0.06%. Also depicted are (i) contours of
BR(t — Hi'b) x BR(H}" — cs + cb) = 0.27% and BR(t — H;°b) x BR(H; — 7v) = 0.15%
(current experimental upper limits); (ii) contours of BR(b — s7) with the upper (3.77 x 107
and lower (2.87 x 10~*) limits at 3¢, and the experimental central value of 3.32 x 10~*. The
calculation of BR(b — s7) is done with the contributions of H;" and H; at next-to-leading
order, using the results from our previous work [45].
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Figure 6. Left panel: same as figure 5 but for m uE = 900 GeV. Right panel: same as the
left panel, but for the 3HDM (democratic).

In figure 5 the allowed parameter space lies between the contours of 3.77 and 2.87 (the
constraint from BR(b — 57)), and to the right of the contours of 0.27% and 0.15% (the con-
straint from LHC searches for Hf[ — ¢s + cb and Hf[ — Tv respectively). In the left panel
of figure 5 (with My = 700 GeV), it can be seen that most of the shaded/yellow region

of BR(t — Hi"b) x BR(H;" — cb) = 0.16% =4 0.06% is ruled out, but there is small region
inside a rectangle given by 12.5 < tan 8 < 20 and 7.5 < tan~y < 12.5 that satisfies the above
constraints. Despite this large mass splitting between the two charged scalars, we expect that
the contribution of these scalars to the S, 7, and U parameters [74] can be kept within the
experimental limits. This is due to the large number of neutral Higgs bosons in the 3HDM
(three CP-even and two CP-odd) which would also be present in the one-loop corrections to
electroweak precision observables from the charged scalars, and allow the possibility of can-
cellation among any sizeable contributions. A specific study of S, T and U in a 3HDM has been
carried out in [38].

As myz is decreased below 700 GeV this (small) allowed region shrinks, and then vanishes.
In the right panel of figure 5 (with My = 800 GeV) one can see that the contours for BR(b —
s7) shift with respect to their location for My = 800 GeV (all other contours do not move

as these only depend on the value of mHli). The contour for 2.87 x 10~* (which crosses the

shaded/yellow region), moves to the left and thus a larger region of BR(t — Hi"b) x BR(H}" —
¢b) = 0.16% + 0.06% in the rectangle 12.5 < tan 8 < 20 and 7.5 < tany < 12.5 now satis-
fies all constraints. In the left panel of figure 6 we take My = 900 GeV, and the allowed

region of BR(t — H;"b) x BR(H;" — cb) = 0.16% + 0.06% further increases in size. In the
right panel of figure 6 we take the same input parameters as for the left panel, but in the 3HDM
(democratic). One can see that the yellow/shaded region has decreased substantially in size
(due to the change of model) but is ruled out (it lies to the left of the contours of 0.27% and
0.15%).

In all of the above plots for the 3HDM the CP-violating phase ¢ is taken to be zero, and our
results show that My should be heavy (>700 GeV) if H f[ is to accommodate the excess at 130

GeV. Taking § > 0 allows both H;" and H to be lighter than the top quark (as shown in [21,
45]) while respecting the constraint from b — sy. However, the couplings X, ¥; and Z; would
then have an imaginary part. This leads to a non-zero value for the EDM of the neutron, for
which there is a stringent upper limit. As shown in [46], a very restricted parameter space with
6 > 0and Myre < 1y can simultaneously satisfy the constraints from b — s and the EDM of
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the neutron. However, with the additional constraint on X;, ¥ and Z; from accommodating the
excess at 130 GeV itis difficult to find parameter space to satisfy all constraints simultaneously.
If such a parameter space is found then H5 could also be produced in the decay of the top quark
viat — H;Eb. As mentioned above, the couplings X5, Y, and Z, (which also depend on tan 3,
tany, 6, and 9) are constrained by the requirement of X, Y7 and Z, having values that explain
the excess at 130 GeV. This will be explored elsewhere.

We comment that H= in the above models with couplings that accommodate the excess at
130 GeV would not give a sizeable contribution to the ratios of leptonic B meson decays R(D)
and R(D"), for which the experimental measurements are somewhat above the SM predictions
(see e.g. [75]). This is because the H* contribution to R(D) and R(D*) depends on the product
|XZ|, but the parameter space that accommodates the excess at 130 GeV has moderate (<10)
values of |X| and small values of |Z|(< 1). Larger values of |XZ| would be needed to enhance
R(D) and R(D") sufficiently.

If this excess at 130 GeV turns out to be genuine, such an H* could be studied in detail at
a future e e~ collider via the process e"e~ — HTH~, provided that /s > 2my+ > 260 GeV.
The decays H — 7v and H* — cs can be measured precisely if their BRs are of the order of
a few percent or more. The prospects for precision measurements of H — cb at future et e~
colliders have been discussed in [76], with a recent detailed simulation in [77].

5. Conclusions

Searches for H* in the channel ¢ — H*b at the LHC now include the decay channel H* —
cb, which can be the dominant decay mode for H= in regions of parameter space of specific
models with two or more scalar doublets [10, 11]. The first search was by CMS in 2018 [24] (at
/s = 8 TeV with 20 fb~!) and the second search was in 2021 by ATLAS [25] (at /s = 13 TeV
with 139 fb~1). A local excess of around 3¢ (global 1.60) has been observed in the search by
ATLAS and the excess is best fitted by my+ of around 130 GeV and a product of BRs given by
BR(t — H*b) x BR(H* — cb) = 0.16% % 0.06%. Treating this slight excess as genuine and
building on our previous work in this search channel [20-22], we present the parameter space
for which this excess can be accommodated in the context of three classes of models with two
or more scalar doublets. The limits from LHC searches for t — H=b with subsequent decay
H* — ¢s and HY — 7v at my= = 130 GeV are taken into account, as well as the constraint
from b — s7.

In the context of 2HDMs with independent |X], |Y| and |Z| couplings for H* (an example
being the A2ZHDM) it is shown that the excess can accommodated for moderate values of the
coupling |X](2 < |X| < 10), small values of |Y|(<0.1) and small values of |Z|(< 1), giving
40% < BR(H* — cb) < 80%.

It was then shown that such an excess cannot be explained in 2HDMs with NFC. In the
flipped 3HDM with no extra sources of CP-violation in the H* couplings (6 = 0) the excess
can be accommodated by H 1* in a restricted parameter space of tan 3, tan y and €, provided that
My > 700 GeV. Forthcoming searches with 139 fb~! at \/s = 13 TeV in the channels H* —

¢b (CMS), H* — ¢s (ATLAS/CMS) and H* — 7v (ATLAS/CMS) should clarify whether the
excess is the first sign of an H* with a mass of around 130 GeV.
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