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Abstract
Searches are being carried out at the Large Hadron Collider (LHC) for the decay of the CP-odd
scalar (A%) in Two-Higgs-Doublet Models (2HDMs) with Natural Flavour Conservation (NFC) in
the channel A° — h0Z (with myo = 125 GeV and Z on-shell). In the absence of any signal, limits
on the parameter space of [tan 3, cos(8 — &), m 40| in each 2HDM are derived for m 40 > 225 GeV.
In this work we consider the scenario of inverted hierarchy with myo < 125 GeV and mgyo = 125
GeV in which the decay A° — h0Z™) (ie. including the case of an off-shell Z) can have a large
branching ratio in the 2HDM (Type I) for m 40 < 225 GeV. We calculate the signal cross section
o(g9 — A%) x BR(A? = h°Z™)) x BR(h® — bb) in the 2HDM (Type I) with NFC and compare
its magnitude with the cross section for the case of normal hierarchy (m;o = 125 GeV) that is
currently being searched for at the LHC. For the experimentally unexplored region m 0 < 225
GeV it is shown that the above cross section for signal events in the scenario of inverted hierarchy
can be of the order of a few picobarns. Such sizeable cross sections are several orders of magnitude
larger than the cross sections for the case of normal hierarchy, thus motivating an extension of the

ongoing searches for A — h9Z®) to probe the scenario of inverted hierarchy.
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I. INTRODUCTION

The discovery in the year 2012 of a new particle with a mass of around 125 GeV by the
ATLAS and CMS collaborations of the Large Hadron Collider (LHC) [I} 2] has led to increas-
ingly precise measurements of its properties in the last ten years. To date, all measurements
of the 125 GeV state are in very good agreement (within experimental error) with the pre-
dicted properties of the Higgs boson of the Standard Model (SM) with a mass of 125 GeV.
Five decay channels (yy, ZZ, WHW~, 7777, and bb) have now been observed with a sta-
tistical significance of greater than 50 (e.g. see [3]). Evidence for the decays to utpu~ and
Z~ is currently at the 20 level, and observation of these channels with a statistical signifi-
cance of 5o is likely by the end of the operation of the High Luminosity LHC (HL-LHC). In
addition, each of the four main production mechanisms (gluon-gluon fusion, vector boson
(W/Z) fusion, associated production with a vector boson, and associated production with
top quarks) have been measured for at least one of the above decay channels, with no signif-
icant deviation from the predicted cross-sections of the SM Higgs boson. Measurements of
all the above cross sections and branching ratios (BRs) with the full Run IT data (139 fb~1
at /s = 13 TeV) have been combined to show a signal strength (i.e. cross section times BR,
averaged over all channels) relative to that of the SM Higgs boson of 1.02100% [4] (CMS)
and 1.06 £ 0.06 [5] (ATLAS).

Whether or not the observed 125 GeV boson is the (solitary) Higgs boson of the SM
is still an issue to be clarified experimentally. It is possible that the 125 GeV boson is
the first scalar to be discovered from an extension of the SM that contains a non-minimal
Higgs sector e.g. the scalar potential contains additional scalar isospin doublets and/or
other representations such as scalar isospin singlets/triplets. A much studied example is the
non-supersymmetric Two Higgs Doublet Model (2HDM) [6H9], in which the scalar potential
of the SM contains two SU(2), ® U(1)y isospin doublets instead of just one. The SM has
various shortcoming such as i) an absence of neutrino mass, ii) an absence of a dark matter
candidate, and iii) insufficient CP violation for baryogenesis. These issues (and others) are
often solved in extensions of the SM that contain additional scalars. Many models with a
non-minimal Higgs sector predict a SM-like scalar in part of the model’s parameter space. In
the aforementioned 2HDM there is an ”alignment limit” in which one of the CP-even scalars

has properties that exactly match those of the Higgs boson of the SM. This alignment is



naturally obtained if only one of the CP-even scalars remains light (of the order of the
electroweak scale) while all other scalars have masses that are much larger. The alignment
can also be realised if all scalars are of the order of the electroweak scale (”alignment without
decoupling”) and it is on this scenario that we will focus.

If the 125 GeV boson is the first scalar to be discovered from a non-minimal Higgs
sector then future measurements (e.g. with larger integrated luminosity at the LHC and/or
at a future eTe™ collider) of its various production cross sections and BRs might start to
show deviations from the values for the SM Higgs boson. Moreover, enlarged Higgs sectors
contain additional neutral scalars and/or charged scalars (H=), and such particles are being
actively searched for at the LHC. In 2HDMs there are two CP-even scalars h° and H® (with
mpo < mpo), a pair of charged scalars H™ and H~ and a neutral pseudoscalar Higgs boson
A® which is CP-odd.

The discovered 125 GeV boson has been shown to be CP-even and in the context of a
2HDM it would be interpreted as being either h° (called "normal hierarchy”, NH) or H°
(called ”inverted hierarchy”, IH). The CP-odd A° does not have tree-level couplings to the
gauge bosons of the weak interaction (W=, Z) and has a different phenomenology to both
h? an H°. We shall focus on the prospects of discovering an A° from a 2HDM at the LHC
via its decay A° — h°Z®). In the context of NH one has myo = 125 GeV and the current
searches at the LHC for A° — h°Z (assuming an on-shell Z) are only carried out for this NH
scenario and for the specific case of m 40 >225 GeV. In this work we consider the case of TH
in which myo can be significantly lighter than 125 GeV. It will be shown that the number of
signal events for A° — h°Z®) can be considerably larger than in NH for the experimentally
unexplored region of m 40 < 225 GeV, and the current experimental searches would need to
be modified in order to probe this scenario.

This work is organised as follows. In section II the various 2HDMs are introduced. In
section III the phenomenology of A at the LHC is presented, and in section IV the current
searches for A° — h%Z at the LHC are summarised. Our numerical results for the cross
section for A% — h°Z®) events in the IH scenario are given in section V, and conclusions

are contained in section VI.



II. THE TWO HIGGS DOUBLET MODEL (2HDM)

The SM has one complex scalar isospin doublet (I = 1/2) with hypercharge Y = 1, in which
the real part of the neutral scalar field obtains a vacuum expectation value (v). The presence
of v leads to the spontaneous breaking of the SU(2); ® U(1)y local gauge symmetry to a
U(1)q local gauge symmetry, and provides mass to the W=, Z (via the kinetic energy term of
the scalar fields) and charged fermions (via the Yukawa couplings). Such a mechanism for the
generation of mass is called the ”"Higgs mechanism”, and a CP-even physical scalar particle
(a ”Higgs boson”, hY) is predicted. In the context of the SM this Higgs boson h° has now
been found with a mass of around 125 GeV. The Higgs mechanism can also be implemented
using two complex scalar doublets in which there are now two vacuum expectation values
(v1 and v9), and such a model is called the 2HDM [6H9]. Supersymmetric (SUSY) versions of
the SM require two complex scalar doublets [10], but the 2HDM has also been well-studied
as a minimal (and non-SUSY)) extension of the SM. After ”electroweak symmetry breaking”
(EWSB) there are five physical Higgs bosons instead of the one CP-even Higgs boson h° of a
one-scalar doublet model. In the context of a 2HDM the 125 GeV boson that was discovered
at the LHC is interpreted as being either h° (NH) or H® (IH), with couplings very close to
those of the SM Higgs boson.

Enlarging the scalar sector of the SM can conflict with experimental data. A strong sup-
pression of ”Flavour Changing Neutral Currents” (FCNCs) that are predicted in any 2HDM
is a stringent constraint on its structure. In general, the Yukawa couplings in a 2HDM are
not flavour diagonal. Such FCNCs lead to interactions that change quark flavour (such as
a vertex h°0s), which must be highly suppressed in order to respect experimental limits
on the phenomenology of quarks. A particularly elegant suppression mechanism of FCNCs
in 2HDMs (the ”Paschos-Glashow-Weinberg theorem” or ”Natural Flavour Conservation”
(NFC) [11]) is to require that the Lagrangian respects certain discrete symmetries (Z sym-
metries). Such symmetries enforce that a given flavour of charged fermion receives its mass
from just one vacuum expectation value, leading to the elimination of FCNC processes at
the tree-level.

The most general scalar potential of a 2HDM that is invariant under the SU(2), @ U(1)y

local gauge symmetry and which only softly breaks (via the m?2, terms) an appropriate Z,



symmetry (imposed to avoid FCNCs) is as follows [7, §]:

A
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with ¢; = ((Ui+f3—+”1i))7 and 1 =1, 2.

In general, somfof the parameters in the scalar potential can be complex and thus they can
be sources of CP violation. We consider a simplified scenario by taking all parameters to be
real, as is often done in phenomenological studies of the 2HDM. The scalar potential then
has 8 real independent parameters: m?2,, ma,, mi,, A1, A2, A3, Ag, and \5. These parameters
determine the masses of the Higgs bosons and their couplings to fermions and gauge bosons.
However, it is convenient to work with different independent parameters which are more
directly related to physical observables. A common choice is: mpo, Mpo, Mg+, Mo, Uy, Vg,
m2, and sin( — «). The first four parameters are the masses of the physical Higgs bosons.
The vacuum expectation values v; and vy are the values of the neutral CP-even fields in &4

and ®, respectively at the minimum of the scalar potential:

o= 5(0): 050

The parameter (3 is defined via tan § = vy /vy, and the angle a determines the composition
of the CP-even mass eigenstates h° and H® in terms of the original neutral CP-even fields
that are present in the isospin doublets ®; and ®,. Of these 8 parameters in the scalar
potential, 2 have now been measured. After EWSB in a 2HDM, the mass of the W* boson
is given by my = gv/2, with v = m ~ 246 GeV. Hence only one of v; and v, is
independent, and so tan 5 = wvy/v; is taken as an independent parameter. As mentioned
earlier, in a 2HDM the discovered 125 GeV boson is taken to be h or HY and thus either
mpo = 125 GeV (NH) or mpyo = 125 GeV (IH). The remaining 6 independent parameters in
the 2HDM scalar potential are: mpy=, m 40, mi,, tan 3, sin(3 — ) and one of [myo, myo]. In
the NH scenario mpgo > 125 GeV and in the IH scenario mpo < 125 GeV. In this work we
shall be focussing on the IH scenario and the phenomenology of A°.

As mentioned above, the masses of the pseudoscalar A° and the charged scalars H* are

independent parameters, and in terms of the original parameters in the scalar potential are



given by:

2 mi, 2 2
mio = —2X5| (V] +v3),
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(3)

m?2
m%i = { 12 _ )\4 — )\5} (U% + ’U%) = [mi + U()\5 - )\4)] .
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From these equations it can be seen that the mass difference between m 40 and my+ depends
on A5 — A\4. In our numerical analysis we shall be taking m 0 = mpg+ in order to satisfy
more easily the constraints from electroweak precision observables (”oblique parameters”),
and this corresponds to A5 = A4. For the masses of the CP-even scalars we take mgo = 125
GeV, and myo < 125 GeV (IH scenario).

There are four distinct types of 2HDM with NFC which differ in how the two doublets
are coupled to the charged fermions. These are called: Type I, Type II, Lepton Specific and
Flipped [12]. The phenomenology of all four models has been studied in great detail. The
Lagrangian in a 2HDM that describes the interactions of A° with the fermions (the Yukawa

couplings) can be written as follows [§]:

Eyuk _

40 = (yixomdAOE%d + yﬁomquﬂ%u + yQOmKAOz%)ﬁ) . (4)

S|

In eq. it is understood that d refers to the down-type quarks (d, s, b), u refers to the
up-type quarks (u, ¢, t) and ¢ refers to the charged leptons (e, p, 7) i.e. there are three
terms of the form yjomdc_lfyg,d. In Table]| the couplings y%, y%,, and y%, of A° to the charged

fermions in each of these four models are displayed.

d 0
Yo | Y0 | Yao

Type I — cot B|cot B|—cot 3
Type 11 tan 8 |cot 8| tan 8

Lepton Specific||— cot S|cot 8| tan 8

Flipped tan 8 |cot B|—cot B

TABLE I: The couplings yio, Y40, and ygo in the Yukawa interactions of A in the four versions

of the 2HDM with NFC.

The viable parameter space in a 2HDM must respect all theoretical and experimental

constraints, which are listed below:

1. Theoretical constraints:



(i)

(i)

Vacuum stability of the 2HDM potential:

The values of \; are constrained by the requirement that the scalar potential
a) breaks the electroweak symmetry SU(2), ® U(1l)y to U(1)g, b) the scalar
potential is bounded from below, and c) the scalar potential stays positive for
arbitrarily large values of the scalar fields. The constraints are:

A >0, Xo>0, As+ M — [ Xs] + VA >0, A3+ VA >0.

From these conditions it be seen that A\; and Ay are positive definite, while A3, A4

and A5 can have either sign.

Perturbativity:

For calculational purposes it is required that the quartic couplings \; do not take
numerical values for which the perturbative expansion ceases to converge. The
couplings \; remain perturbative up to the unification scale if they satisfy the

condition |\;| < 8.

Unitarity:

The 2 — 2 scattering processes (s152 — $384) involving only scalars (including
Goldstone bosons) are mediated by scalar quartic couplings, which depend on the
parameters of the scalar potential. Tree-level unitarity constraints require that
the eigenvalues of a scattering matrix of the amplitudes of s;s5 — s3s4 be less

than the unitarity limit of 87, and this leads to further constraints on ;.

2. Experimental constraints:

(i)

(i)

Direct searches for Higgs bosons:

The observation of the 125 GeV boson at the LHC and the non-observation of
additional Higgs bosons at LEP, Tevatron and LHC rule out regions of the param-
eter space of a 2HDM. In our numerical results these constraints are respected by
using the publicly available codes HiggsBounds [13] (which implements searches
for additional Higgs bosons) and HiggsSignals [14] (which implements the mea-
surements of the 125 GeV boson). Any point in the 2HDM parameter space that

violates experimental limits/measurements concerning Higgs bosons is rejected.

Oblique parameters:

The Higgs bosons in a 2HDM give contributions to the self-energies of the W=



(iii)

and Z bosons. The oblique parameters S, T" and U [15] describe the deviation
from the SM prediction of S = T = U = 0. The current best-fit values (not

including the recent CDF measurement of my, [16]) are [17]:

S =-0.014+0.10, T=0.03+0.12, U =0.02£0.11. (5)

If U = 0 is taken (which is approximately true in any 2HDM) then the experi-

mental allowed ranges for S and 7" are narrowed to [17]:
S =10.00+£0.07, T =0.05+0.06. (6)

In our numerical results the theoretical constraints in 1(i), 1(ii), 1(iii) and the ex-
perimental constraints 2(ii) (using the ranges for S and 7' in eq.(f])) are respected
by using 2HDMC [1§]. If the recent measurement of my, by the CDF collabora-
tion [16] is included in the world average for my, then the central values of the
S and T parameters in eq.@ change significantly, and can be accommodated
in a 2HDM by having sizeable mass splittings among the Higgs bosons. Recent
studies have been carried out in [I9] 20] in both NH and IH.

Flavour constraints:

The parameter space of a 2HDM is also constrained by flavour observables, espe-
cially the decays of b quarks (confined inside B mesons). The main origin of such
constraints is the fact that the charged Higgs boson H* contributes to processes
that are mediated by a W¥, leading to constraints on the parameters my+ and
tan 8. The flavour observable that is most constraining is the rare decay b — sv,
although H* contributes to numerous processes (e.g. BB mixing). There have
been many studies of flavour constraints on the the parameter space of 2HDMs
e.g. [2IH23]. In our numerical analysis we respect such flavour constraints by use
of the publicly available code Superlso [24]. In the 2HDM (Type I), in which
the couplings of H* to the fermions is proportional to cot 3, the constraint on
mpy+ is weaker with increasing tan 8. The lowest value of tan 8 we consider is

tan = 3, for which mpy+ = 140 GeV is allowed (as can be seen in [21]).



III. PHENOMENOLOGY OF A° AT THE LHC

In this section the formulae for the partial widths of A° are given and the previous studies
of its BRs in the four types of 2HDM with NFC are summarised. The main production
mechanisms for A% at the LHC are also discussed. Emphasis will be given to the decay
A% — hOZ™ for which there is a dependence on the mass of h® (we assume m o > Mmpo).
In the NH one has mjyo = 125 GeV while in the IH the mass myo is a free parameter with
mpo < 125 GeV. Consequently, the magnitude of BR(A® — h°Z®)) in the parameter space
of the 2HDM requires separate analyses in each of the two hierarchies. Most previous studies
of the BRs of A° focus on the scenario of NH, with very few studies in the context of IH.

These works will be summarised in this section.

A. The Branching Ratios of A° in 2HDMs with NFC

We now present the explicit expressions for the partial decay widths of A° to a fermion (f)
and an anti-fermion (f) at tree-level . These generic expressions apply to all four 2HDMs
with NFC, with the model dependence arising in the y%,, y% and y%, couplings that are

displayed in Table . The partial widths I'(A° — ff) are given by (e.g. see [8, [0, 25, 26]):

3G 2(,u \2 2 2

D(A° - ) = SO W) 1 (—m2 mQ) , (7)
87TU mAO mAO
2(,,d \2 2 2

[(A° = dd) = 2GEmaMaWi)” \ 172 i T ) (8)
87T?)2 on mAO
20,0 \2 2 2

DA  (7) = e W) 172 (—”Z‘ o ) . (9)
87T'U mAO mAO

The phase space suppression factor is given by A(z,y) = (1 — x — y)? — 4zy. For our main
case of interest of m40 > 130 GeV the factor A'/? is essentially negligible for all fermions
except the top quark (if m0 > 2m,). In the above expressions the running quark masses
m,, and my are evaluated at the energy scale (@) of m 0, and this encompasses the bulk of
the QCD corrections. There are also QCD vertex corrections to the decays to quarks which
have the effect of multiplying the above partial widths by an overall factor. To order «y this
factor is given by (1 + 17a,/(37)) and higher-order vertex corrections have been calculated

[10].
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The partial width for the decay to two gluons (A% — gg) at leading order is mediated by
triangle loops of fermions. The dominant contribution comes from i) the triangle diagram
with t-quarks, which is proportional to (y'0)?, and ii) the triangle diagram with b-quarks,
which is proportional to (y%,)?. The explicit formula for I'(A° — gg) can be found in
[10, 25, 27]. There is the also the decay A° — v+, which is mediated by triangle loops of f,
W#* and H*. However, '(A — ~7) is much smaller than T'(A° — gg) because the former has
a factor of o while the latter has a factor of a?. The decays A° — WHTW~ and A° — ZZ
are absent at tree-level in the (CP-conserving) 2HDM. These decays are generated at higher
orders but have much smaller BRs [28, 29] than some of the tree-level decays and will be
neglected in our study.

Finally, we consider the decays of A° to another Higgs boson and to a vector boson, which
can be dominant. These interactions originate from the kinetic term in the Lagrangian and
do not involve the Yukawa couplings. The partial width for A° — h°Z (i.e. a two-body
decay with on-shell Z) is given by:

m3, cos*(8 — a) m2, m?

The partial width T'(A° — h°Z*) (i.e. a three-body decay with off-shell Z* — ff) is also
proportional to cos?(3 — a) and involves an integration over the momenta of ff. Its explicit
expression is given in [25] [30, B1]. The partial width T'(A° — H°Z) has the same form as
eq. , but with myo replaced by mpgo and cos?( — a) replaced by sin?(8 — ). We do not
consider the decay channel A° — H*WT as we shall be taking m o = mpy=.

We now briefly review previous studies of the decay A° — h°Z®) which were first
performed in the context of the Minimal Supersymmetric Standard Model (MSSM). The
scalar potential of the MSSM takes the form of the scalar potential of the 2HDM but with
fewer free parameters in it and necessarily Type II Yukawa couplings. In the MSSM myo
has an upper bound of around 130 GeV, in which myo = 125 GeV can be accommodated
with large SUSY corrections to the tree-level scalar potential. The value of sin®*(8 — )
rapidly approaches 1 as m 4o increases above 100 GeV and this is in contrast to a non-SUSY
2HDM for which sin?(8 — a) could differ substantially from 1 for m40 > 100 GeV. Early
studies of BR(A? — h°Z) in the MSSM and its detection prospects at the LHC can be
found in [32-34]. The first calculation of I'(A° — h°Z*) was carried out in [25] [30], but this
three-body decay has limited importance in the MSSM due its Type II structure and the

11



fact that cos(8 — a) rapidly tends to zero as m 4o increases. The BRs of A% in the MSSM are
summarised in [I0]. For low tan 3 (e.g. tan = 3), BR(A® — h°Z™)) can be of the order
of 10% or more in the region 200 GeV < m 4 < 300 GeV when the two-body decay is open
and before A° — tt becomes dominant for heavier m 4o.

In the context of non-supersymmetric 2HDMs with NFC (on which we focus) an early
study of the on-shell decay A° — h°Z (Type I and Type II only) was carried out in [35],
taking several values of sin?(8 — «) in the range 0 — 1 and myo0 = 100 GeV. It was shown
that this decay channel for A° can have the largest BR, and detection prospects at the LHC
in the channel A — h°Z — ~y~¢T¢~ were studied. The three-body decay A° — h°Z* in
non-supersymmetric 2HDMs (Type I and Lepton Specific) with NFC were first studied in
the context of LEP2 in [36]. It was pointed out that BR(A® — h°Z*) can be dominant in
Type I as tan 3 increases because I'(A° — ff) decreases o cot? 3. This in contrast to the
case in the MSSM where BR(A® — h°Z*) is always small. In [36], BR(A® — h°Z*) was
studied as a function of tan 8 in the 2HDM (Type I) for m 40 = 80 GeV, 100 GeV and 120
GeV, with myo = 40 GeV and cos*(8 — o) = 1. This is the IH scenario but at that time
myo was not known.

Studies of the BRs of AY in the four versions of the 2HDM with NFC were given in [37]
for m 40 = 150 GeV without including A° — h°Z™) (myo or mpyo = 125 GeV was not known
at the time). Recent works [31] have presented the BRs of A? including A — h°Z®) in the
scenario of NH (myo = 125 GeV) with sin?(8 — a) ~ 1 and these results will be summarised
below. Electroweak corrections to T'(A° — h°Z) were also calculated for the first time in
[31] and are of the order of 10%.

The ranges of the five parameters myo, myo, mao, tan 5 and cos(f — «) that will be
considered in this work are given in Table [[Il The parameter tan g only takes positive
values, while cos(5 — ) can take positive or negative values. In the case of NH one has (by
definition) myo = 125 GeV and so necessarily myo > 125 GeV. The discovered 125 GeV
boson has been measured by the LHC experiments to have SM-like Higgs boson couplings
within experimental error, and in the context of a 2HDM with NH the parameter | cos(5—a)|
is thus constrained to be (approximately) less than 0.1. The exact constraint on | cos(8 — )|
has a dependence on tan (3, as well as a dependence on which 2HDM is being considered
e.g. in the 2HDM (Type II), | cos(8 — )| = 0.1 is only possible for 1 < tan 8 < 2, while
in the 2HDM (Type I), |cos(8 — a)| can reach a value of 0.25 for 3 < tanf < 5, with

12



2HDM Parameter| Normal Hierarchy (NH) Inverted Hierarchy (IH)
mpo 125 GeV 10 GeV < myo < 100 GeV
mgo 300 GeV 125 GeV
m 40 130 GeV <m0 <400 GeV | 130 GeV < m 40 < 400 GeV
M=+ mgo m 40

cos(ff — ) 0<Jcos(f—a)| <0.1 0.9 < |cos(B—a)| <1

tan 8 29 <tanf <5.2 29 <tanf <5.2
m2, 560 GeV?Z < m2, < 1670 GeV?|560 GeV? < m?2, < 1670 GeV?

TABLE II: 2HDM parameter ranges in NH (myo = 125 GeV) and IH (myo = 125 GeV) that will
be considered in this work. Some attention will also be given to the region 80 GeV < m 40 +mpo <

110GeV.

| cos(8 — a)| = 0.1 being possible up to large values of tan 5. In the 2HDM (Type II) and
2HDM (Flipped) there is a very small region (disconnected from the aforementioned region)
of cos(f — a) =~ 0.25 for tan 8 ~ 10. This latter region is called the ”wrong-sign” Yukawa
coupling region and will be discussed in more detail in Sec. IVC. The LHC measurements also
constrain the sign of cos( — «) and for a given value of tan  the constraint on cos(s — «)
is in general different for its positive and negative values. Since the coupling A°h°Z is
proportional to cos(3 — «), in NH the decay channel A° — h°Z has a suppression factor of
| cos( — a)|* ~ 0.01. Despite this suppression factor, BR(A? — h°Z) can still be sizeable
(or dominant) in regions of parameter space of the four 2HDMs. In [38], the BRs of A°
were shown for sin(3 — a) = 0.995 and m 40 = 200 GeV, for which A° — h°Z* is a three-
body decay. In the 2HDM (Type I) A — h°Z* has the largest BR for tan 3 > 20, but
in the other three models BR(A? — h°Z*) < 1%. In [31I] the 2HDM parameters were
changed to m4 = 300 GeV (for which A° — h°Z is a two-body decay) and the range
0 < |cos(B — )] < 0.1 was considered. It was shown that A — h"Z has the largest BR
in all four models for | cos(8 — «)| closer to its upper limit of 0.1, with the 2HDM (Type I)
having the largest parameter space for A° — h°Z being the dominant decay.

In the case of the IH one has mpyo = 125 GeV and so necessarily myo < 125 GeV. The

above constraints on cos(f — ) now apply to sin(f — «), and so 0.9 < |cos(f — a)| < 1.
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Hence the decay A° — h°Z has very little suppression from the coupling A°h°Z, in contrast
to the case of NH. Moreover, since myo < 125 GeV the decay A° — h°Z can proceed via an
on-shell Z for lighter values of m 4o than in the case of NH i.e. myo > 216 GeV is required
for on-shell A° — h°Z if myo = 125 GeV, but for myu = 90 GeV (say) then the on-shell
decay AY — h%Z is open for m4 > 180 GeV. Moreover, off-shell decays A° — h°Z* can
also be dominant in the 2HDM (Model I) over a large region of parameter space of the
model. The BRs of A° in the scenario of IH will be studied in detail in section V. In the
case of TH the mass myo (< 125 GeV) is an unknown parameter and the BRs of A" will
be different (in general) to those of the SM-like 125 GeV Higgs boson. Previous studies of
BR(A? — h%Z®™) in the 2HDM (Type I) in IH are rare, and include an early study in [36]
(as mentioned above, for 80 GeV < mao < 120 GeV) and more recently in [I9] in which
BR(A? — h°Z™)) was shown as a scatter plot with 60 GeV < m40 < 600 GeV. Another
recent work [39] also makes use of the potentially large BR(A® — h°Z®*)) and this will be
described in the next paragraph.

The parameter space of mpo +mqo0 < 200 GeV is strongly constrained by the fact that
there was no signal in the channel ete™ — Z* — A°h® — bbbb at LEP2. In a 2HDM (Type
I) in the TH scenario one has cos(8 — ) ~ 1, which maximises the coupling ZA°h° and
suggests mpo + mao > 200 GeV from the above channel. However, recently in Ref. [39] it
has been shown that m0 +m 40 < 200 GeV is still possible in IH provided that BR(A® — bb)
is suppressed due to a large BR(A? — h°Z*). In Ref. [39] several benchmark points (which
satisfy all current constraints) were listed with 80 GeV < myo + m0 < 110 GeV. In this
parameter space BR(A® — h°Z*) can be large for the same reasons outlined in [36], although
this latter work only showed results for myo + m 0 > 120 GeV. All benchmark points have
the mass hierarchy myo(= 125GeV) > myo0 > myo and a light charged Higgs boson in
the range 100 GeV < mpy+ < 160 GeV. It was suggested in Ref. [39] that this parameter
space of 80 GeV < myo + muo < 110 GeV could be probed via the mechanism gg — H® —
A°Z* — p0Z*Z*, with subsequent decays h — bb and Z*Z* — jjutp~, and a simulation of
its detection prospects was carried out. It was shown that o(g9 — H® — AYZ* — h0Z*Z*)
can reach 0.01 pb, with BR(H® — A°Z*) having a maximum value of 0.2% and being a
significant suppression factor. A number of benchmark points have a statistical significance
of 20 to 30 (a few reaching 40) for an integrated luminosity of 300 fb~!, and roughly
scaling by a factor of 3 with 3000 fb~! at the HL-LHC. The channel to be studied in this
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work, gg — A% — h°Z* would also be a probe of this scenario of myo + m40 < 200 GeV,
although our main focus will be on the region m 0 + myo > 200 GeV. We shall compare

o(gg — A — BW°Z*) with o(g9g — H® — A°Z* — hYZ*Z*) for some of the benchmark

points in [39].

B. Production mechanisms for A" at the LHC

At the LHC the main production processes for A° are [10] 27, 40]:

i) g9 — A° (gluon-gluon fusion), which proceeds via a top-quark loop and a bottom-quark
loop, and thus involves the Yukawa couplings for the vertices A%f and A°bb.

i) gg — A%D (associated production with b quarks), which depends on the Yukawa coupling
for the vertex A%bb.

Both mechanisms involve the couplings of A° to fermions and hence their respective cross
sections depend on which 2HDM is under consideration (see Table . For gg — A° the
top-quark loop is dominant in all four 2HDMs for lower values of tan 5 (e.g. tan 8 < 5). For
larger values of tan 8 (e.g. tan > 5) the top-quark loop is still dominant in the 2HDMs
Type I and Lepton Specific, but o(gg — A°) decreases with increasing tan 3 because the top-
quark and bottom-quark Yukawa couplings are both proportional to cot 5. In contrast, in
the Type II and Flipped 2HDMs the bottom-quark loop becomes the dominant contribution
to o(gg — A°) for larger values of tan 3 because the bottom-quark Yukawa coupling is
proportional to tan 3. Hence o(gg — A°) increases with increasing tan 3 after reaching a
minimum at around tan 8 ~ 7. The production mechanism gg — A°b does not involve
the top-quark Yukawa coupling and is only relevant in the Type II and Flipped 2HDMs for
larger values of tan 3, for which it has a larger cross section than o(gg — A°). In the Type
I and Lepton Specific 2HDMs one always has o(gg — A%b) < (g9 — A°). The numerical
values of both cross sections in the plane [m 40, tan 5] are presented in [38]. For m 0 = 200
GeV both cross sections can be greater than 100 pb, depending on the 2HDM under study

and the value of tan [3.
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IV. SEARCHES FOR A° — h°Z AT THE LHC

The decay A° — h°Z has been searched for at the LHC by the ATLAS and CMS col-
laborations assuming the case of NH (i.e. myo = 125 GeV) and an on-shell Z boson.
These searches will be summarised in this section. No search has yet been carried out for
A% — h%Z in TH. Current LHC searches for A — h°Z (to be described below) assume that
mpo = 125 GeV and m 40 > 225 GeV. In this work we will focus on the mass range 130 GeV
< mpo + myo < 400 GeV in the context of the ITH scenario (myo < 125 GeV and myo=125
GeV). Some discussion will also be given to the case of 80 GeV < mypo + m 0 < 110 GeV.

/s (integrated luminosity) ATLAS CMS
8 TeV (20 fb™1) bbll [bbvy [42), 700 [42]|  bbel [A3], 770 [44)
13 TeV (35.9 fb~1) bbil /bbvy [45] bbll /bbuvy [46), 770 [4T]
13 TeV (139 fb~1) bbll/bbvv [48]

TABLE III: Searches for A° — h9Z at the LHC, using gg — A" and gg — A%b as the production
mechanism, and taking mpo = 125 GeV. The integrated luminosities used for the searches are given
in brackets next to the collider energy /s. The four-fermion signature bb¢/ means that h® — bb

and Z — (¢, where ¢ denotes e or p (i.e. the decays of h are given first).

The searches for A — h°Z at the LHC, using gg — A° and gg — A°bb as the production
mechanisms, are summarised in Table . Two decays channels of h° are targeted, namely
h® — bb and h° — 77. In both searches A° is assumed to be produced via gg — A° and
gg — A°bb with subsequent decay via the channel A — h°Z in which Z is on-shell. Hence
the searches probe m o0 > muo + my (= 216 GeV), and limits are shown for mo > 225
GeV only. In the context of the NH (mpo = 125 GeV) the magnitudes of these BRs of
h® to fermions are given by the measurements of the BRs of the 125 GeV boson, and thus
BR(h® — bb) =~ 57% and BR(h® — 77) ~ 6% (i.e. roughly the same as the BRs of the SM
Higgs boson). In the IH case on which we focus, these BRs of h° will be in general different

from those in the case of the NH, with a dependence on (the unknown) mjo.
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A. LHC search for A° — h0Z — bbtte~

We now discuss the search by CMS for the signatures bb¢//bbvv [46] with /s = 13 TeV
and 35.9 fb~! of integrated luminosity. In both searches A° is assumed to be produced via
gg — A° and gg — A°bb with subsequent decay via the channel A° — h°Z in which Z is
on-shell. In [46], which only targets the decay channel h® — bb (myo = 125 GeV), separate
searches in each production channel are carried out for:
i) the decays Z — ete™ and Z — putpu~ (collectively referred to as Z — £f), leading to the
signature bb/.
ii) the decay Z — v, leading to the signature bbuv.
In each of i) and ii) above, the signal is separated into categories with 1 b quark, 2 b quarks
and 3 b quarks. In what follows we will focus on the signature bbl¢ because the 7 — vv
signature has no sensitivity for m40 < 500 GeV, and is is only competitive with the bbé¢
signature for m4o > 700 GeV. For the bbl{ signature in i) above, the selection efficiencies
are similar for the gg — A° and gg — A°b production mechanisms in the 1 b-quark and
2 b-quark categories, and these efficiencies increase slightly with increasing m 0. In the 3
b-quark category, the selection efficiency for gg — A%b is considerably larger (due to the
presence of more b quarks in the signal) than that for gg — A°, being almost an order
of magnitude greater for m40 < 300 GeV. The SM backgrounds to the bb¢¢ (and bbvD)
signatures are largest for the 1 b-quark category and smallest for the 3 b-quark category.

The invariant masses of bbl¢ events which pass all the selection cuts are displayed starting
from 225 GeV. A clear signal for A° — h°Z would appear as a peak centred on m 40 above
the background. For the background (which mainly arises from processes Z+jets, Z + b,
Z + bb, tt) the invariant mass distribution of bbf¢ events rises up to a peak at around 250
GeV before falling in all three b-quark categories. For the bbuw signature in ii) above, in
both production modes the selection efficiencies in a particular b-quark category are much
smaller than those for bbl¢ in the same b-quark category for m4o < 500 GeV, but become
similar in magnitude for m40 > 600 GeV. For the background, the transverse mass of bbvw
(starting from 500 GeV) decreases in all b-quark categories.

In the NH scenario one has myo = 125 GeV and hence the invariant mass distribution
of the bb pair originating from h° (i.e. the signal) would be centred on 125 GeV. This

would not be true for the background, and to exploit this fact an invariant mass cut of
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100 GeV < myz < 140 GeV is imposed in the CMS search in [46]. This cut preserves most of
the signal while reducing the backgrounds. The events with m,; < 100 GeV and my,g; > 140
GeV are put into the sidebands. However, in the IH scenario (for which m,; would peak at
a lower value than 125 GeV) the above cut on m,; would be moving potential signal events
to the sidebands. The CMS search also requires a cut of 70 GeV < m;; < 110 GeV on the
invariant mass of the leptons originating from Z. This cut captures most of the leptons
originating from the decay of an on-shell Z, but would not be as effective for an off-shell Z*
(e.g. in the case of BR(A? — h°Z*) being large in TH).

The expected limits on o(gg — A°) x BR(A? — h°Z — bbll) are found to be 45 fb for
m o = 225 GeV and falling to 10 fb for m 40 = 400 GeV. The lack of any statistically signif-
icant signal in the search in [46] allows constraints to be obtained on the 2HDM parameter
space of [cos(8 — ), m40,tan 5]. Taking cos(f — «) = 0.1 (which is motivated from the
experimental fact that h° has SM-like couplings, sin?(3 — ) ~ 1) limits are shown in the
plane [m 40, tan 8]. In the 2HDM (Type I) the dominant production process for all tan [ is
gg — A°, and the constraint on tan 3 strengthens from around tan 3 > 4 to tan 3 > 10 as
m 4o increases from 225 GeV to 350 GeV. For m o0 > 350 GeV the presence of the decay
channel A° — ¢t reduces BR(A? — h%Z) and leads to a weakening of the bound to tan 3 > 1
for mgo > 400 GeV. Very similar limits are obtained in the Lepton Specific 2HDM. In the
2HDMs (Type II and Flipped) the limit on low values of tan /3 is weaker, being tan 5 > 2 to
tan 0 > 4 as m o increases from 225 GeV to 350 GeV. However, in these latter two models
the bottom-loop contribution to the production process gg — A° and the process gg — A°bb
are both enhanced at large tan 3, and this leads to limits of tan 5 < 20 for m 40 > 450 GeV.

The searches for the signature bb¢//bbvw by the ATLAS collaboration in [45] and [4S]
have similar strategies and derive comparable limits on the parameter space of the 2HDM.
The search with 36.1 fb~! [45] presents results for m o > 220 GeV while the search with
139 fb~! [48] presents results for m 0 > 280 GeV.

B. LHC search for A° — h0Z — 77010~

We now discuss the search by CMS for the signatures 77¢7¢~ [47] with /s = 13 TeV and
35.9 fb~! of integrated luminosity. This signature requires the decay h® — 777~ , which has

a BR of around 6% and is almost 10 times smaller than BR(h? — bb) = 57%. Consequently,
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the limits on the 2HDM parameter space from the 771/~ signature are somewhat weaker
than those from the search for bbe/.
A 7 lepton can decay hadronically (i.e. to hadrons accompanied by missing energy in the

+ or p*, with missing energy). Four signatures

form of neutrinos) or leptonically (to an e
from the decay h® — 777 are considered, where 7, denotes a 7% that decays hadronically:
€Th, UWTh,ThTh, €it. The Z boson is taken to decay to eTe™ or u*pu~, giving rise to 8 different
channels for the signature 77¢*¢~. All 8 channels are combined when deriving the limits on
o(gg — A%) x BR(A® — h°Z — 770).

The irreducible backgrounds are ZZ(— 4(), ttZ, WWZ, WZZ and ZZZ. The recon-
structed pseudoscalar mass m 40, denoted by mg, ., is used as the discriminant between the
signal and the background. The simplest reconstructed mass (denoted by m: ) is obtained
from the visible decay products only, but m§, . significantly improves the mass resolution
by accounting for the missing energy in the decays of 7= and also using myo = 125 GeV
(which is true in NH only) as input in the fitting procedure.

The expected limits on o(gg — A°) x BR(A® — h°Z — 77(() are found to be 13 fb for
myo = 220 GeV and falling to 5 fb for m 40 = 400 GeV. These limits are somewhat stronger
than those for the bbl¢ signature (where the limits are 45 fb for m4 = 220 GeV and 10
fb for m 4 = 400 GeV). However, due to BR(h® — 7+77)/BR(h® — bb) ~ 0.1 the limits
on the 2HDM parameter space (which arise from o(gg — A°) x BR(A® — h°Z) only) are

stronger from the bbll signature.

C. Case of A° - h°Z* in NH and for the 2HDM (Type II)

None of the above searches considered the case of the off-shell decay A° — h°Z*. All searches
targeted the mass region of m 40 > mpyo +my so that the Z boson in the decay A° — h%Z is
always on-shell. A study in [49] considered the detection prospects in the region m 40 < 225
GeV in NH and the 2HDM (Type II). Although BR(A? — h°Z™) is decreasing as m 4o is
lowered below 225 GeV, the background is also decreasing and is rather small for m 40 < 210
GeV. Three benchmark points were chosen, with values of m 40, cos(8 — «) and tanf as
follows:

i) m4o = 190 GeV, cos(f — a) = 0.36, tan 5 = 4.9.

ii) mao = 200 GeV, cos(f — a) = 0.28, tan § = 6.4.
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iii) mao = 210 GeV, cos(f — o) = 0.26, tan 5 = 6.9.
These benchmark points all correspond to the scenario of "wrong sign” down-type Yukawa
coupling. This is a limit in which the down-type Yukawa couplings for h° in NH in the 2HDM
(Type II) are equal in magnitude to their values in the SM but with opposite sign. The
wrong-sign limit is obtained for the choice of a+ f = 7/2, and can be displayed as all points
on a hyperbola in the plane of [cos(5 — a), tan 8] going from points of large tan 5 (5 ~ 7/2)
and cos(f —a) ~ 0 (i.e. a =0, so that a+ 8 = 7/2) to points of small tan 5 (5 ~ 7/4) and
cos(f—a) = 1 (a = /4, so that a+ [ = 7/2). The wrong-sign scenario allows larger values
of cos(f — «) than in the alignment scenario, the latter being defined by f — o = 7/2 and
consequently cos(8 — a) is close to zero. Due to the fact that T'(A° — h°Z*) o cos?(f — a),
in the wrong-sign scenario BR(A® — h%Z*) can be larger than in the alignment scenario.
The latest LHC measurements of the couplings of h° (myo = 125 GeV) now restrict the
wrong-sign region in the 2HDM (Type II) to points on the hyperbola for tan 5 > 7 and
|cos(f — a)| < 0.3 and so the above benchmark points are now either excluded or just
allowed by the current experimental measurements. It was shown in [49] with a parton-
level simulation that the detection prospects for A° — h%Z* at the LHC with 1000 fb~!
were reasonable in each of the three benchmark points, although a more detailed simulation
would be needed to account for effects beyond the parton-level and at the level of the LHC
detectors. We emphasise that the study in [49] was not carried out in the context of IH.
In section V we shall consider m o < 225 GeV and A° — h°Z®™ in the IH scenario in the

2HDM (Type I) with NFC.

V. RESULTS

In this section we show our results for the signal cross section, which is given by the following
product:

o(gg9 — A%) x BR(A” = h°Z™)) x BR(h® — bb). (11)
In the LHC searches, limits are often presented on the above product in which BR(Z®) —
¢¢,v7) has been divided out. We will calculate the signal cross section in eq. in the TH
scenario in the 2HDM (Type I), and compare its magnitude with the corresponding cross

section in the NH scenario (mpo = 125 GeV), the latter being the current focus of the
LHC searches in this channel. In NH the product in eq. depends on three unknown
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parameters: m 4o, tan § and cos(f — «). In IH there is a fourth unknown parameter, myo.
The dependence of the three terms in eq. on the four unknown parameters is as follows

(see also the discussion in section III):

(i) The cross-section o(gg — A°) depends on m 40 and the couplings A%t (o cot? 3) and
A%b (o tan? 3). Contributions from the couplings of A° to lighter fermions can be

neglected due to their much smaller masses;

(ii) BR(A® — h%Z™) is given by I'(A° — R°Z™) /Tl The partial width I'(A° —
R°Z*)) depends on m 4, the mass difference m 40 — myo (in the phase space factor)
and cos?(8 — a) (in the square of the A°h°Z coupling). The total width ' is equal
to (A% — ROZM) 4Tt where 75" is the sum of the partial decay widths of all the

other decays of AY;

(iii) BR(R® — bb) given by I'(h® — bb)/Ti%. The partial width I'(h® — bb) depends on
myo and cos?(8 — «) (e.g. via the coupling sin a/ cos 3 in Type II and cos a/sin § in
Type I). The total width I'%! is equal to ['(h® — bb) + I}, where I is the sum
of the partial decay widths of all the other decays of h°.

In what follows, numerical results for each of the three terms in eq. will be shown.
Finally, we show the magnitude of the product of the three terms (i.e. the number of signal
events) as a function of mo in both IH (for various values of myo) and NH, fixing the
remaining parameters in the 2HDMs under consideration. All experimental and theoretical

constraints in Section II are respected. In Fig. [I] to Fig. [0 the parameter mys is taken to

tan 8
1+tan? B

2 _ .2
be mi, = myo(

), which ensures compliance with the experimental and theoretical
constraints for the chosen values and parameter ranges of the other 2HDM parameters.
In Fig. [7| we take m2, = 1000 GeV? for the same reasons. The BRs of h and A" are
calculated using 2HDMC [18]. We remark that we sampled only the portions of parameter
space wherein the contribution of the channel gg — A° — h°Z™) (in the narrow width
approximation of A°) is in close agreement with the yield of the full process gg — h°Z®)
(which also has contributions that do not involve A i.e. Z* s-channel mediation and box
diagrams at the amplitude level [49]). A study of the remainder of the parameter space
using the latter process will be the subject of a future study.

In Fig. [1] the BRs of hY (i.e. the third term in the event number in eq. ) in the 2HDM
(Type I) are displayed as a function of mypo in IH (mgyo = 125 GeV) with cos(f — ) =
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1, tanf = 5.2 and mg = mpy+ = 140 GeV. The displayed range of values of myo is
40 GeV < mypo < 100 GeV. In the 2HDM (Type I) the couplings h°f f are scaled by a factor
of cosa/sin 3 relative to the couplings of the SM Higgs boson to the fermions, while the
couplings h"’WW and h°ZZ are scaled by sin( — a). We take cos(8 — a) = 1 (which is
an approximate requirement in IH due to the LHC measurements of the 125 GeV boson,
interpreted as being H°) and thus one has BR(h® — W) = 0 and BR(h® — ZZ) = 0
at tree-level. Taking values of cos( — «) slightly less than 1 (which is allowed from the
measurements of H®) would give non-zero BR(h® — WW) and BR(h" — ZZ), but both
channels would be very suppressed by the small value of sin(3 — «) and also by the phase
space in the range of interest 40 GeV < myo < 100 GeV. In Fig. [1] it can be seen that
BR(h° — bb) is around 90%, and slightly decreases as myo increases towards mpuo = 100
GeV. These values of BR(h® — bb) are larger than BR(H® — bb) ~ 58% for the 125 GeV
boson decaying to bb. The channel h° — 77~ has the second-largest BR, being around 10%.
BR(h® — gg) increases with myo, with BR(h® — 7777) ~ BR(h" — gg) for muo = 100
GeV. The reason for this increase is due to the partial width I'(h® — gg) o m;, while
['(h® — bb, 7777) o< mpo. Other decay channels (h° — c¢,yv,vZ,etc) have much smaller
BRs and are not shown.

In Fig. [2] to Fig. [4] the BRs of A° (i.e. the second term in the event number in eq. (11]))
as a function of tan 3 in three different scenarios are studied. In Fig. [2 the BRs of A° are
displayed in the 2HDM (Type II) as a function of tan 8 in the NH (myo = 125 GeV) with
cos(f — a) = 0.1 and mg = mpyo = my+ = 300 GeV. Five channels which can reach a
BR of greater than 1% are plotted, while channels that always have a smaller BR than 1%
are not plotted (although these would be present on the plot because the y-axis reaches
BR= 107%). It can be seen from Fig. [2 that A° — h°Z of interest to this work has the
largest BR (despite a suppression factor of cos?(3 — «) = 0.01) until around tan 3 = 3, at
which point A° — bb becomes the dominant decay due its partial width being proportional
to tan? 8 in the 2HDM (Type II). The partial width of A° — 777~ is also proportional to
tan? 3, and thus this decay becomes the second-most important channel for larger values of
tan 3, reaching BR(A? — 7777) ~ 10%. BR(A® — h°Z) falls below 10% for tan 8 > 10.
BR(AY — gg) is always less than a few percent and BR(A® — ¢f) (with one ¢ being virtual
for the chosen value of m 40 = 300 GeV) is always less than 1%.

Fig. [3|is the same as Fig. [2| (i.e. still NH) but for A° of the 2HDM (Type I). One can see
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that BR(A® — h°7) is over 90% for tan 8 &~ 3 and is essentially 100% for tan 3 > 5. All other
displayed channels have partial widths proportional to cot? 3 and thus have increasingly
small BRs (in contrast to Type II) as tan 3 increases. Fig. [4|is the same as Fig. |3| (i.e. for A°
of the 2HDM (Type I)) but for IH. In Fig. , three of the input parameters are changed, now
being myo = 125 GeV, myuo = 60 GeV and cos(f — «) = 1. The remaining two parameters
are unchanged, being m 40 = my+ = 300 GeV. The larger value of cos( —«) and the smaller
value of myo with respect to Fig. [3| means that BR(A? — h°Z) is even more dominant in TH
than in NH, being essentially 100% over the whole range of tan 5. The choice of m 40 = 300
GeV in Fig. [3| and Fig. 4] ensures that the decay A° — h°Z is a two-body decay, but even
for a virtual Z* (corresponding to lighter values of m 40) the magnitude of BR(A® — h°Z*)
can be dominant. This will be apparent in later figures for the number of signal events in
eq. (L1]) which consider m 40 as low as 130 GeV.

In Fig. [f| the cross section o(gg — A°) (i.e. the first term in the event number in eq. (11]))
is displayed as a function of m 4o for NH with Type I, NH with Type II, and IH with Type
I. The code Sushi [50] is used to calculate o(gg — A°). In NH the input parameters are
mpgo = my+ = 300 GeV, cos(f — a) = 0.1 and tan § = 5.2. In IH the input parameters are
mao = my+, cos(f —a) =1, tan § = 5.2, and myo = 55 GeV, 75 GeV, 95 GeV. The cross
section o(gg — A®) only depends on two 2HDM parameters, m 40 and tan 3 (as discussed
in section I1IB) and in a given 2HDM its value is independent of NH or IH (because these
two scenarios differ in my0, myo and cos(f — a)). Hence the lines for NH and IH in the
2HDM (Type I) coincide and do not depend on the choice of myo in IH. The numerical
difference in o(gg — A°) in the 2HDMs Type I and Type II arises from the fact that the
coupling A%b o tan 3 in Type II and A%b o cot 8 in Type I, as shown in Table [ In
Type I the top-quark loop contribution is essentially dominant. In contrast, in Type II
the bottom-quark loop contribution is closer in magnitude to the top-quark loop for the
chosen value of tan f = 5.2 and interferes destructively, leading to a smaller cross section
for 170 GeV< my o < 350 GeV in Type II. In both models there is a local enhancement
of (g9 — AY) at around m4o = 2my, due to the ¢ quarks in the loop becoming on-shell.
The magnitude of o(g9 — A°) is of the order of a few pb in the displayed range of 130
GeV< myo < 400 GeV.

We are now ready to present the novel results of this work. In Fig. |§| (upper panel) the
signal cross section o(gg — A%) x BR(A? — h°Z®) x BR(h® — bb) in eq. is plotted as
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a function of m 4o for NH with Type I, NH with Type II and for three choices of myo (55
GeV, 75 GeV, 95 GeV) in IH with Type I. The 2HDM input parameters are the same as in
Fig. . In Fig. |§| (lower panel), BR(A® — h°Z®) is plotted in IH only for the same range of
m 4o and input parameters as in Fig. |§| (upper panel). It is essentially BR(A® — h°Z ™)) that
determines the dependence of the signal cross section in Fig. @ (upper panel). Our results
for the 2HDM Type I and Type II in NH in Fig. @ (upper panel) agree with those presented
in the LHC searches for A — h%Z (e.g. the CMS search in [46],) with Type I having the
larger signal cross section due to its larger BR(A? — h°Z®). Current searches at the LHC
(for NH only) in this channel are sensitive to m4o0 > 225 GeV. For m o0 < 225 GeV in NH
the signal cross section starts to drop more sharply, the reason being that the Z boson in
the decay A% — h°Z becomes off-shell for m 40 < 216 GeV.

We now compare the signal cross section for the 2HDM (Type I) in NH and IH. It can
be seen from Fig. @ (upper panel) that the signal cross section in NH Type I is similar in
magnitude to that in IH Type I for 230 GeV< m 0 < 330 GeV. For these values of m 40
it can be seen from Fig. |§| (lower panel) that BR(A® — h°Z®) is essentially 100% in both
[H and NH, and o(gg — A) is the same in both TH and NH for the 2HDM (Type I). The
difference in the signal cross section solely arises from the fact that BR(h® — bb) ~ 85% in
IH while BR(h® — bb) ~ 58% in NH. For m40 > 330 GeV one can see from Fig. @ (upper
panel) that the signal cross section in IH becomes considerably larger than that in NH. This
is because of the decreasing BR(A® — h°Z®)) in NH (due to cos?(3 — a) = 0.01 suppression
in its partial width) as A° — tf gains in importance for m 40 > 330 GeV.

Of most interest is the region mo < 225 GeV for which the current LHC searches (in
NH only) have no sensitivity. For m 0 < 225 GeV the signal cross section is much larger for
IH, being around 1.2 pb for m 40 = 150 GeV and myo = 95 GeV, and increasing to 2.5 pb for
mao = 150 GeV and myo = 55 GeV. The reason for the much larger signal cross sections in
IH is the fact that the Z boson in the decay (A° — h°Z™)) does not become off-shell until
m o = 146 GeV, 166 GeV and 186 GeV for myo = 55 GeV, 75 GeV and 95 GeV respectively.
This effect can be seen in Fig. @ (upper panel) in which the signal cross section starts to
flatten as the Z boson starts to become off-shell. We do not plot the signal cross section
in IH for the other three 2HDMs with NFC (Type II, Lepton Specific and Flipped), which
would have a smaller cross section than Type I. As mentioned earlier, the LHC searches set

limits on all four 2HDMs in NH.
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In Fig. [7] the signal cross section o(gg — A°) x BR(A? — h°Z®™) x BR(h® — bb) as
a function of m o is again displayed for NH with Type I, NH with Type II and for three
choices of myo in IH with Type I. However, some input parameters are changed with respect
to Fig. @ (upper panel). In Fig. [7] we take tan 8 = 3, 130 GeV< m0 < 170 GeV and the
three values of myo in TH are 40 GeV, 70 GeV and 90 GeV. Moreover, the parameter m?3,

is changed from its value in all previous figures (= m2, (7225 5)) to m¥, = 1000 GeV? in
order to comply with theoretical and experimental constraints. For the above choice of input
parameters there are no valid points for m 40 > 170 GeV. The lower value of tan § gives rise
to larger signal cross sections than in Fig. |§| (upper panel), up to around 10 pb.

In Table some benchmark points in the 2HDM (Type I) and IH are shown for tan g
in the interval 2.9 to 5, with three of the points (BP1, BP2, BP3) being in the mass range
80 GeV< m g0 +myo <110 GeV. In Fig. [6] and Fig. [7] the lowest value of m 40 + myo was 170
GeV, but as discussed in Section III and in [39], valid (experimentally unexcluded) points in
the 2HDM (Type I) in IH can be found in the mass range 80 GeV< m 40 + mypo <110 GeV.
In Table [V] the signal cross sections are presented, with numerical values reaching a few pb.

As discussed in section III, in [39] the mechanism gg — HY — A°Z* — mYZ*Z* —
bbut 11~ jj was proposed as a probe of the region 80 GeV< m 40 +myo <110 GeV. In Table
the signal cross section of the mechanism in [39] is shown together with o(gg — A° —
h°Z* — bbut ), in which we now include the subsequent decay Z* — pp~ in order
to compare with the numerical values of the cross sections given in [39]. It can be seen
that o(gg — A° — h°Z* — bbu*p~) can be two orders of magnitude greater than that of
o(gg — H® — A°Z* — hOZ*Z* — bbu*pu~jj), and this is mainly due to the suppression
factor of BR(H? — A°Z*) ~ 0.2%. The experimental signatures are different, with gg —
HY = A°Z* — h0Z*Z* — bbut ™ jj having a smaller SM background due to the greater
particle multiplicity of the signal. However, we expect gg — A% — h°Z* — bbut i~ to be a

competitive probe of this region 80 GeV< m o + myuo <110 GeV.

25



08

= 06 decay channels
£ —— h"+bh
"3_: 0.4 Mgt =mpz = 140GV, cosig—a)=1,tanf=5.2 hi=sTttT
& h°-gg

02

0.0

40 a0 60 o 80 a0 100
mpe (GeV)

FIG. 1: The BRs of kY in the 2HDM (Type 1) as a function of myo in IH (mgo = 125 GeV) with
cos(f —a) =1, tan 8 = 5.2 and m 0 = my+ = 140 GeV.
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FIG. 2: The BRs of A° in the 2HDM (Type II) as a function of tan 3 in the NH (mjo = 125 GeV)

with cos(f — a) = 0.1 and m 40 = mgo = my+ = 300 GeV.
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FIG. 4: The BRs of A° in the 2HDM (Type I) as a function of tan 3 in the TH (mpo = 125 GeV)

with cos(f — a) = 1 and myo = myg+ = 300 GeV.
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FIG. 5: The cross section o(gg — A°) as a function of m 40 for NH with Type I, NH with Type II,
and IH with Type I. The values of the input parameters are displayed on the figure, and mo = 55
GeV, 75 GeV and 95 GeV in ITH.

BP|m 40 |mpo |mp+ [tan B|cos(f — a)

3|7 | 10| 75 ) 1.0

4 |155| 80 | 155 | 2.9 1.0

5 120 60 | 120 | 2.9 1.0

6 |140|100| 140 | 3 1.0

7 [100| 90 | 100 | 3 1.0

TABLE IV: Input parameters in 2HDM (Type I) and IH for 7 benchmark points.
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BP|o(g9 — A%)nnwLo[pb]|BR(A? — h0Z())|BR(A? — bb) |0 x BR(A? — h0Z™)) x BR(h® — bb)[pb]
1 15.81 0.526 0.689 5.72
2 13.13 0.678 0.804 7.16
3 11.47 0.570 0.252 1.64
4 8.49 0.592 0.844 4.24
5 13.80 0.336 0.861 3.99
6 9.61 0.070 0.823 0.55
7 18.36 0.00014 0.834 0.0021

TABLE V: Signal cross sections in 2HDM (Type I) and IH for the 7 benchmark points in Table

vl
BP o(gg — HY — A°Z* — h0Z*Z* — bbut = 3j7) [pb] |0 (99 — A° — hOZ* — bbut ™) [pb]
8 (BP2 [39]) 4.11 x 1074 0.105
9 (BP7 [39]) 1.71 x 10~* 0.141
10 (BP24 [39]) 3.54 x 1074 7.27 x 1074
11 (BP10 [39]) 3.31 x 1074 5.48 x 1072
12 (BP22 [39]) 4.58 x 1074 9.80 x 1072
13 (BP12 [39]) 1.42 x 107* 9.90 x 1072
14 (BP13 [39]) 1.63 x 10~* 9.02 x 1072

TABLE VI: Comparison of signal cross sections for the mechanisms o(gg — H® — bbu™ 1~ 77) in

[39] and o(gg — A® — bbut ™) in this work, as a probe of the region myo0 +m 0 < 110 GeV, for

some benchmark points in [39].

VI. CONCLUSIONS

In this work we have studied the magnitude of the cross section for the production mechanism
gg — A° — hOZ™)
NH and 2HDM (Type I) in TH. Current searches in this channel at the LHC are carried out

for a CP-odd scalar A° in the context of the 2HDM (Type I and II) in

assuming NH and take advantage of the measured mass myo = 125 GeV in order to optimise
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selection cuts and reduce the backgrounds to the signatures h® — bb or h® — 777~ In the
absence of any signal, limits on the parameter space of [tan 3, cos(5 — a), m 40| in four types
of 2HDM with NFC are derived for m 0 > 225 GeV (i.e. for A — h°Z with an on-shell Z
boson).

Our novel results are for the scenario of IH in which mgzo = 125 GeV and myo is an
unknown parameter that was varied in the range 10 GeV< myo < 100 GeV. It was shown
that the cross section for signal events o(gg — A°) x BR(A® — h°Z®)) x BR(R® — bb) in
the 2HDM (Type I) can be of the order of a few pb in IH for the experimentally unexplored
region of m 40 < 225 GeV. Such cross sections are much larger than in NH, the reason being
that BR(A? — h°Z™) can stay large (even close to 100%) for lower values of m 40 due to
i) myo being smaller than 125 GeV, which keeps Z on-shell to lower values of m 40, and ii)
there being almost no suppression in the A°h°Z coupling due to cos(8 — ) ~ 1 in TH.

A signal for A° — h°Z in IH would allow for simultaneous discovery of two Higgs bosons
in the 2HDM. The current search strategy for gg — A° — h°Z®*) (which assumes NH) would
need to be slightly modified by removing the present cut of 100 GeV < my; < 140 GeV on
the invariant mass m,; of the bb pair originating from the decay of h°. This cut could be
replaced with smaller values of m,; in order to capture most of the bb pairs from a light A° in
the range 10 GeV< myo < 100 GeV. We encourage a study (especially for m 40 < 225 GeV)
by the ATLAS/CMS collaborations of the detection prospects of the decay A% — h%Z*) in

the IH scenario.
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FIG. 6: Upper panel: the signal cross section o(gg — A%) x BR(A? — h%Z(*)) x BR(h? — bb) as
a function of m 40 for NH with Type I, NH with Type II and for three choices of myo in IH with
Type 1. The values of the input parameters are displayed on the figure.

Lower panel: Same as upper panel but for BR(AY — h°Z (*)) alone.
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FIG. 7: The signal cross section o(gg — A%) x BR(A? — h0Z()) x BR(h? — bb) as a function of
m 4o for NH with Type I, NH with Type II and for three choices of myo in IH with Type I. The

values of the input parameters are displayed on the figure.
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