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ABSTRACT: Two Higgs Doublet Models (2HDM) provide a simple framework for new
physics models with an extended Higgs sector. The current LHC results, including both
direct searches for additional non-Standard Model (SM) Higgs bosons, as well as precision
measurements of the SM-like Higgs couplings, already provide strong constraints on the
2HDM parameter spaces. In this paper, we examine those constraints for the neutral
scalars in the Type-I and Type-II 2HDM. In addition to the direct search channels with
SM final states: H/A — ff,VV,Vh,hh, we study in particular the exotic decay channels
of H/A — AZ/HZ once there is a mass hierarchy between the non-SM Higgses. We found
that H/A — AZ/HZ channel has unique sensitivity to the alignment limit region which
remains unconstrained by conventional searches and Higgs precision measurements. This
mode also extends the reach at intermediate ¢z for heavy m4 that are not covered by the
other direct searches.

KEYWORDS: Supersymmetry Phenomenology

ARX1v EPRINT: 2004.04172

OPEN AcCCESS, (© The Authors.

Article funded by SCOAP?. https://doi.org/10.1007/JHEP06(2020)163


mailto:felixk@slac.stanford.edu
mailto:shufang@email.arizona.edu
mailto:wei.su@adelaide.edu.au
https://arxiv.org/abs/2004.04172
https://doi.org/10.1007/JHEP06(2020)163

Contents

1 Introduction 1
2 The 2HDM 2
3 Collider constraints on BSM Higgses 4
4 Degenerate Higgs masses 7
5 Non-degenerate case: H/A — AZ/HZ 8
5.1 my vs. myg 9
5.2 tanf vs. cos(f — ) 11
5.3 tanf vs. my 13
6 Conclusion and outlook 15

1 Introduction

Since the discovery of the Standard Model (SM)-like 125 GeV Higgs boson at the first run of
the Large Hadron Collider (LHC) [1, 2], the SM is confirmed to be a self-consistent theory.
Meanwhile motivated by various experimental observations and theoretical considerations,
such as the existence of dark matter, the baryon asymmetry of the universe, the strong
CP problem, the muon ¢g-2 anomaly, or the naturalness problem, searches for new physics
beyond the SM still remain a frontier in particle physics research.

Many of the proposed new physics models contain an extended Higgs sector, among
which the Two Higgs Doublet Model (2HDM) is one of the simplest options. After elec-
troweak symmetry breaking (EWSB), the general CP-conserving 2HDM contains five phys-
ical eigenstates: the observed 125 GeV CP-even neutral scalar h, an additional CP-even
neutral scalar H, one CP-odd Higgs boson A, and a pair of charged Higgs boson HT [3].
The discovery of any beyond the SM (BSM) Higgses will be an unambiguous evidence for
the existence of an extended Higgs sector.

There are usually two ways to probe extended Higgs sectors: through their modifica-
tions to the SM-like Higgs couplings tested by Higgs coupling precision measurements [4],
and direct searches for BSM Higgses at high energy colliders [5]. The current direct searches
at the LHC include both conventional search channels of H/H*/A — ff, VV' as well
as final states involving a SM-like Higgs H — V'h, hh. Under the alignment limit of
the 2HDM, in which the 125 GeV Higgs h is exactly SM-like, both the decays H — V'V
and H — Vh, hh as well as the VH and WBF production modes vanish at tree level,
making a discovery more challenging. However, if there is a mass hierarchy between the
BSM Higgses, additional exotic decay modes, such as H/A — AZ/HZ, H/A — H*WT,



H — AAJHYH~ or H* — HW/AW open up and quickly dominate the decay branching
fractions. Such exotic decay modes open a new window to search for heavy BSM Higgses.
Meanwhile current collider limits on heavy Higgses would be relaxed given the suppression
of their decay branching fractions. In this paper we comprehensively examine the current
constraints on the 2HDM parameter space in mass-degenerate and hierarchical scenar-
ios, highlighting the complementarity and importance of the exotic Higgs decay channel
H/A— HZ/AZ.

The rest of the paper is organized as follows. We will give a brief introduction to
2HDM at section 2 and compare the Type-I and Type-II. In section 3, we summarize the
latest LHC searches that are relevant for Higgs studies. We show our interpreted results
for the Type-I and Type-II 2HDM under the degenerate mass assumption in section 4. In
section 5 we extend this discussion to 2HDMs with non-degenerate mass spectra, focusing
on the exotic decay channel of H/A — AZ/HZ. We conclude in section 6.

2 The 2HDM

The scalar sector of the 2HDM consists of two SU(2) doublets ®;, i« = 1,2, which can be
parameterized as

o
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Here v; are the vacuum expectation values for the neutral components which satisfy the
condition v} + v3 = v? with v = 246 GeV. After imposing a discrete Z; symmetry on
the Lagrangian to avoid tree-level flavour changing neutral currents (FCNCs), the 2HDM
parameter space is described by six free parameters. For our purposes it is convenient to
parametrize the 2HDM by the physical Higgs masses (myp, mp, ma and mp+ ), the mixing
angle between the two CP-even Higgses («), and the ratio of the two vacuum expectation
values (tg = va/v1). If we allow for a soft breaking of the Zy symmetry, there is an
additional parameter m?,.
After EWSB, the scalar sector consists of five states: a pair of neutral CP-even Higgses,

h and H, a CP-odd Higgs, A, and a pair of charged Higgses HT. For the neutral states we
can write

h= =540} + cad,

H= cod +sadh, (2:2)

A = —sgp1 + cgpa,

where we used the shorthand notation s, = sinz and ¢, = cosx. In the following we will
identify h with the discovered 125 GeV Higgs.! Note that in the generic 2HDM, Higgs
masses are free parameters and therefore exotic Higgs decays such as A — H Z are possible
when kinetically accessible.

!Note that here we use a convention in which & is always the 125 GeV SM-like Higgs and the alignment
limit is always at cg—o = 0. This is different from the mass ordered convention in which h is the light
CP-even Higgs and H is the heavy one.



In the context of this paper, we are mainly interested in the couplings of the neutral
Higgses to the SM gauge bosons V = Z, W*. The couplings of the neutral CP-even Higgses
to a pair of vector bosons are

2 2
m m
ghvv = Tvsﬂfa and ggvy = Tv%ua, (2.3)

while the CP-odd Higgs A does not couple to vector boson pairs. Additionally, the neutral
CP-even Higgses can couple to the CP-odd Higgs A and a Z-boson with couplings

gcg—
GhAz = 72'3 “(pn —pa), and
Cow
(2.4)
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where Oy is the Weinberg angle and p, are the incoming Higgs momenta. LHC Higgs
coupling measurements favor the alignment limit, sg_, ~ 1, in which the couplings of the
125 GeV Higgs to fermions and gauge bosons are consistent with those predicted by the
SM [3, 6-9]. In this case, the coupling of the BSM CP-even neutral Higgs H to vector
boson pairs is suppressed by cg_, ~ 0, which is consistent with the non-observation of
such a state in the H — V'V channel [10, 11]. On the other hand, in the alignment
limit, the CP-odd Higgs will couple more strongly to the BSM Higgs H than its SM-like
counterpart h. In particular, this implies that A is more likely to decay to HZ than hZ, if
kinematically possible. This motivates the exotic Higgs searches for A - HZ and H — AZ
as complementary probe in the alignment limit.

Unlike the couplings to fermions and vector bosons, the triple and quartic Higgs cou-
plings depend on the otherwise unobservable soft Z» breaking parameter m?2,. The corre-
sponding expressions for various triple Higgs couplings have been obtained in [12]. However,
it has been shown in ref. [13] that satisfying unitarity and vacuum stability bounds for ar-
bitrary values of g requires m?, = m%sgcg, with deviations possible only at tg ~ 1. For
illustration, we consider that this relation holds, in which case we can write the triple Higgs
couplings as

CB—a S2a, 2 2 CB—a_ 2
=— —(myg —m mi,
JHRR " 325( H i)+ op H
ChR_—_
JHAA = — [;Ua (mi; —2m3%),
2 (2.5)
C
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Sp_ Chl_
ghaa = —2=2[2(m}; —m?) — mi] — =% (mF; — m}).
2v togv

We can see that in the alignment limit cg_, = 0, the decays of the heavy neutral Higgs
H — hh,AA are absent and the SM Higgs self coupling obtains its SM value gpn, =
m3 /(2v), while a decay of h — AA is possible if kinematically open.

As mentioned above, we have introduced a soft breaking Z, symmetry to avoid tree-
level FCNCs, which implies that each fermion type is only allowed to couple to one Higgs



2HDM Type-1 | Type-1I | Type-L | Type-F
up-type D) D) D, Oy
ghuu Ca/sﬁ Ca/sﬁ Ca/Sﬁ Ca/SB
gHuu Sa/sﬁ Sa/sﬁ Sa/S,B Sa/Sﬁ
gAuu tgl tgl t;l t;l
down-type (o2 d, (o2 d,
Ehdd Ca/Sﬁ —Sa/cg Ca/85 —sa/%
§Hdd Sa/8p ca/cp Sa/Sp ca/cs
§Add —ty! tg —ty' ts
lepton P, (o} 2] Dy
Enee calsp | —Sa/cs | —Salcs | ca/ss
Eru sa/S3 | cafcs | calcs | Sa/Ss
Eaee —t5' ts ts —t5'

Table 1. Types of 2HDM and the tree-level couplings of h, H and A to fermions, normalized to
their SM Yukawa couplings: ¢ = y/y°M.

doublet. There are four possible types of 2HDMs: Type-I, Type-1I, Type-L (or lepton-
specific) and Type-F (or flipped), which we show in table 1. The corresponding couplings
of the neutral scalar states to SM fermions normalized to their SM values, can be expressed
in terms of the mixing angles o and 8 and are also shown in table 1. For the remainder
of this paper we focus on 2HDMs of Type-I and Type-II, and the main differences of the
interpreted results come from the BSM Higgs couplings to fermion pairs.

3 Collider constraints on BSM Higgses

A variety of LHC measurements can be used to constrain extended Higgs sectors such as
2HDMSs. This includes indirect constraints from precision Higgs couplings, direct searches
for additional Higgses as well as measurements of SM processes. In the following we
summarize the different searches and measurements that we use for our analyses. Here we
mostly focus on the neutral scalars, and comment on the charged scalar at the end.

Precision Higgs measurements. While the couplings of the 125 GeV Higgs h are fixed
in the SM, they are modified in the 2HDM: at tree level they depend on the mixing
angles cg_, and tg, while additional dependence on the Higgs masses is induced via
loop effects [6-10, 14]. We use the latest combined LHC 13 TeV measurements of the
Higgs coupling strength at both CMS with 36 fb~! [15] and ATLAS with 80fb~! [4].

Additionally, the Higgs width has been measured with high precision: 0.08 MeV <
'y < 9.16 MeV at 95% C.L., by CMS [16]. This measurement put strong constrains
on both the enhanced couplings of h to fermions at high/low t3 and additional decay
modes such as h — AA.



Conventional channels. Most of the existing direct searches for BSM Higgs bosons focus
on their conventional decays into a pair of quarks, leptons or gauge bosons. The
following table presents a summary of recent searches performed at the 13 TeV LHC.

channel CMS | ATLAS
A/H — pp | [17] [18]
A/H — bb [19] [20]
A/H =77 | [21,22] | [23]
A/H — v | [24, 25] | [26-28]

A/H > tt | [29] -
H—2ZZ | [30] 31]
H-WW | [32] [33]

Note that the gg — A/H — tt channel involves a non-trivial interference with the
SM backgrounds that has been taken into account in the analysis. A brief summary
of Higgs search results can be found in ref. [34] for CMS at 8 TeV and ref. [35] for
ATLAS at 13 TeV.

Exotic decays into the SM Higgs. Away from the alignment limit cg_, = 0, the heavy
CP-odd Higgs can decay into the SM-like Higgs via A — hZ. Additionally, the heavy
CP-even Higgs can decay into a pair of SM-like Higgses, H — hh. In our analysis
we take into account the search results listed in the following table, where for the
resonant di-Higgs channel, we consider the limits resulting from the combination of
different final states.

channel ATLAS CMS
8TeV | 13TeV | 8TeV | 13 TeV
A — hZ — bbel | [36] [37] [38] [39]
A — hZ — Tl | [40] [41] [38] —
H — hh [42] [43] [44] [45]

Exotic decays of the SM Higgs. If the BSM scalars are sufficiently light, m,,g <
myp/2, exotic decays of the SM-like Higgs h — AA/HH open up. While the de-
cay h — HH vanishes for cg_, = 0, the decay h — AA is unsuppressed under the
alignment limit. The following table lists the current LHC searches considered for
such channels, focusing on masses of m4 > 4 GeV. Searches listed in parenthesis do
not provide the leading constraints and are only listed for completeness.

channel ATLAS | CMS
h — AA — bbbb [46] —

h — AA — bbrt — [47]
h — AA — bbup [48] [49]
h— AA — 7777 — [50]
h— AA — TTup [51] [52]

[54]

h— AA — pppp | ([53]) | (




A brief summary on search results for exotic decays of the SM-like Higgs can be found
in ref. [55] for CMS at 8 TeV and ref. [56] for ATLAS at 13 TeV.

Exotic decays in BSM sector. If the two neutral BSM Higgs states A and H have a
sufficient mass splitting, |ma —mp| > mz, the exotic decay channel A/H — HZ/AZ
opens up. Both ATLAS and CMS have performed searches listed in the following

table.
channel ATLAS CMS
A/H—HZ/AZ —bbet | [57]) (13 TeV) | [58] (13 TeV)
A/H—HZAZ — 170l — [59] (8 TeV)

LEP searches. The Large Electron-Positron Collider (LEP) performed searches for light
BSM Higgs bosons both using the ete™ — HZ and ete™ — AH channel [60].
The HZ production rate scales proportionally to cg_, and the null results of this
search can constrain cg_, down to about 0.1 for my between 12.5 to 114.4 GeV.
This constraint does not apply to any of the benchmarks considered in this paper.
In contrast, the double Higgs production channel AH is unsuppressed under the
alignment limit and roughly constrains ma + mpg < 200 GeV.

Measurements of SM processes. In the absence of dedicated resonance searches, ad-
ditional BSM Higgs states can also be probed through inclusive cross section mea-
surements of rare SM processes. In this work, we consider two such processes: 1)
The exotic Higgs decay A/H — HZ/AZ — ttZ, which dominates for daughter Higgs
masses above the di-top threshold, can be probed using the ¢tZ cross section mea-
surement [61]. ii) The associated ttH /ttA production channel with subsequent decay
H/A — tt is sensitive to the 4¢ production rate [62-64]. This search constrains low
tg < 1for my g > 2my, where the Higgs width becomes very large, I'/m > 0.2 and
hence no resonance search can be performed anymore.

While the above constraints focus on the neutral Higgs bosons, additional theoretical
and experimental constraints arise for the charged Higgs bosons H*.

Precision constraints. Electroweak precision measurements [65, 66] require the charged
Higgs mass to be close to the mass of one of the neutral Higgses, my+ ~ mpg or my
or my, [13].

Direct searches. Searches for charged Higgses HT have been performed through the
decay channels H* — cs [67, 68], v [69, 70] and tb [71, 72]. At large masses of
mpy+ > my, constraints on these charged Higgs searches are typically weaker than
their neutral counterparts, due to the suppressed tbH* associated production cross
section as well as large backgrounds. A notable exception are searches of light charged
Higgs bosons via top decays t — HTb, which exclude the mass range my= < my for
the Type-II 2HDM and part of the parameter space for the Type-I 2HDM.

Flavour constraints. Precision flavour observables, such as of the branching fraction of
B mesons, provide indirect constraints on the charged scalars. Most notably, the
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Figure 1. Constraints for degenerate heavy Higgs mass spectrum mg = my = mpy+. We show
the 95% C.L. exclusion region in the m4,g vs. tg plane on the Type-I 2HDM with c5_, = 0.1
(left) and Type-II 2HDM with c¢g_, = 0.05 (right) originating from i) the measurement of the
Higgs width ', (grey), ii) the conventional search results on H/A — 77 (dotted orange), H/A — bb
(dot-dashed pink), H — V'V (red), H/A — v (dashed brown), H/A — tt (dot-dashed magenta)
and 4¢ production (dashed purple), and iii) exotic decay channels A — hZ (dashed dark blue),
H — hh (dot-dashed green) and h — AA (dotted cyan). Region enclosed by the grey hatched line
are excluded at 95% CL. by the current Higgs coupling measurements.

measured value for BR(b — s7v) imposes a lower limit on the charged Higgs mass
to be larger than ~ 600 GeV in the Type-II 2HDM [66, 73]. However, we note that
the interpretation of these flavour measurements are typically model dependent and
contributions from additional BSM sectors could significantly modify and relax these

constraints.

Given the above considerations, we do not consider any additional constraints related to
the charged Higgs bosons and solely focus on the neutral Higgs sector in this paper.

4 Degenerate Higgs masses

To interpret the experimental results, we take the limits on cross section times branching
fraction ¢ x BR of the various channels mentioned above, as well as the measurements
of Higgs couplings and I'j, to directly constrain the 2HDM parameter space. We use
the SusHi package [74] to calculate the production cross-section at NNLO level, and the
2HDMC [75] code for Higgs decay branching fractions at tree level. In figure 1, we show the
current collider limits in the 2HDM my,4 — ¢g plane, taking into account the constraints
mentioned above. We assume degenerate heavy Higgs masses my = mpy = mpg+ such that
exotic decays involving two BSM Higgses are not kinematically open. The mixing angle
C3—q is fixed to be 0.1 for the Type-I 2HDM (left panel) and 0.05 for the Type-II 2HDM



(right panel), based on the consideration of the SM-like Higgs coupling measurements.
Non-zero values of cg_, are relevant for A — Zh, H — hh and H — V'V. The soft 2,
breaking parameter m?, is chosen to be m3, = m% szcs to satisfy theoretical consideration
of unitarity and vacuum stability.

For the Type-I 2HDM (left panel), current direct searches are mostly sensitive at
tg < 10. This is because the main production modes, gluon fusion and b-associated pro-
duction, are both cot S-enhanced from bottom and top Yukawa couplings. The limits from
the conventional modes of A/H — 77 (orange) and A/H — ~v (brown) have weak de-
pendence on the value of cg_, and exclude the low mass region below the top threshold
of my/g S 2my for t5 < 3. Once the tt mode (magenta) is open, it quickly dominates the
decay branching fractions. The region of 400 GeV < m /g < 750 GeV with 0.2 <5 <1
is currently excluded by this channel. For even smaller ¢g, no limits are quoted for the tt
channel because the corresponding Higgs width is so wide that the resonant search results
are not applicable [29, 76].

The limits for H — VV (red), A — Zh (blue), and H — hh (green) strongly depend
on the value of cg_, and vanish under the alignment limit of cs_, = 0. For cg_, = 0.1,
m 4, between 200 and 850 GeV for 0.5 < 5 < 10 are excluded, with a gap at intermediate
masses around 450 GeV for A — Zh and H — V'V channel.

The 95% C.L. range of the SM-like Higgs decay width (grey) excludes the low mass
region of A/H given the opening of h — AA, HH for my g < my/2, as well as low tg
region of tg < 0.2 for cg_o = 0.1 due to the enhancement of fermion Yukawa couplings.
A thin slice of surviving region from I'j, constraints around ¢g ~ 10 remains due to the
vanishing of I'(h — AA) in that region. Additionally, a global fit to the LHC SM-like
Higgs coupling measurements excludes tg < 0.4 for cg_, = 0.1. Finally, the measurement
of the four top production (purple) rate is sensitive to ttH /tt A associated production with
A/H — tt, constraining a wide region at low tg.

For the Type-II 2HDM (right panel), the results are quite different at large t3 due to
the tg-enhanced bottom and lepton Yukawa couplings. At large tg, the A/H — 77 provides
the strongest constraints, excluding ¢z 2 10 for a large range of BSM Higgs masses. Below
the top threshold, 100 GeV < mpg < 2my, this channel can nearly probe the entire range of
tg, setting the strongest constraints [23]. The exclusion region for 47 is similar to those of
the Type-1 2HDM, while the exclusion region for VV, H — hZ and H — hh are reduced
comparing to the left panel, given the smaller value of cg_,, used here. The global fit to the
LHC SM-like Higgs coupling measurements excludes tg < 0.4 and tg 2 2.5 for cg_, = 0.05.

5 Non-degenerate case: H/A - AZ/HZ

The previous section focused on the degenerate case of my = m4 = mpg+. Once there is a
sizeable mass splitting between the BSM Higgs masses, additional exotic channels such as
H/A — AZ/HZ/H*WT will open up and quickly dominate the decay branching fractions.
As a result, the reach of conventional searches shown in the last section will be reduced.
At the same time, these exotic channels provide new opportunities for BSM Higgs searches
at the LHC [77-82].



Under the alignment limit, the decay branching fractions of H/A — AZ/HZ/H*WT
are unsuppressed. The most promising final states are A/H — HZ/AZ — bbll and 770¢,
which allow for a clean identification through the dileptons from Z decay [77, 79]. These
modes have been analysed by both CMS [58, 59] and ATLAS [57], as listed in section 3.

In what follows, we will first present the constraints on the parameter space of
{ts,cp—a,ma, mp} from H/A — AZ/HZ channel alone, focusing on the parameter depen-
dence. We will then present H/A — AZ/HZ together with all other direct and indirect
search channels and discuss the complementarity of various channels.

5.1 my vs. my

Let us study the explicit heavy Higgs mass dependence by looking at the ma vs. myg plane
of the 2HDM parameter space. In the top panel of figure 2 we show the constraints from
the A/H — HZ/AZ channel for the Type-I (left) and Type-II (right) in the alignment
limit, cg_o = 0. Away from the alignment limit, these constraints are weakened given the
suppressed coupling gpaz < sg_. In the gap region along ma ~ my, the exotic decay
modes are kinematically inaccessible.

For the Type-I 2HDM with low tg = 1.5 (blue), the 13 TeV searches exclude parent
particle masses up to 800GeV for a daughter particle mass between 80 and 350 GeV.
For higher values of g, these constraints are weakened due to the suppression of Yukawa
couplings gayr sy ~ tgl resulting in a reduced production cross section. The reach for
intermediate tg = 7 region (red) is reduced greatly, while it vanishes for even larger values
of tg. The asymmetry between A and H is due to the different parent particle production
cross sections as well as daughter particle decay branching ratios.

While at low tg = 1.5 the reach for the Type-I and Type-II 2HDM are very similar, at
large tg the Type-II 2HDM has an enhanced reach due to the {3 enhancement of bottom
(and 7) Yukawa couplings. At tg = 30 (green) the A/H — HZ/AZ search channel
constrains the kinematically allowed region up to Higgs masses of m 4,y ~ 800 GeV, with
the exception of very small daughter particle masses. The constraints are weakest for
intermediate values of tg ~ 7 case (red), with the parent particle mass excluded only up
to about 700 GeV.

In the lower panels of figure 2 we present the global constraints on the 2HDM pa-
rameter space for cg_, = 0 and tg = 1.5. In particular, we show the regions excluded by
Higgs searches via the A/H — HZ/AZ (blue), A/H — 77 (orange), A/H — ~7 (brown)
and h — AA/HH (cyan) channels as well as ttZ rate measurements (green). Furthermore
we include the LEP search results (purple) and constraints arising from the measure-
ments of the Higgs width, I'y, € (0.08,9.16) MeV (grey). Additional constraints from the
A — Zh and H — V'V, hh channels vanish in the alignment limit, while search results
from A/H — bb, pp and tt are too weak to set any constraint.

For both Type-I and Type-II 2HDMs, the combination of all channels cover the
majority of the region in which one of the Higgs masses is below the di-top thresh-
old, ma,myg < 2my. In addition to A/H — HZ/AZ, these constraints come from di-
rect searches for the lighter BSM Higgs state which decays into conventional final states
A/H — ~vy and 77. In particular, the gap region for A/H — HZ/AZ is mostly covered
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Figure 2. Constraints on the Type-I (left panel) and the Type-IT (right panel) 2HDM in m4 vs.
my plane. Top: parameter space excluded at 95% C.L. by the A/H — HZ/AZ search in the
alignment limit, cg_o = 0, for tg3 = 1.5 (blue), 7 (red) and 30 (green). Bottom: constraints at 95%
C.L. for ¢cg_q = 0 and tg = 1.5 from LHC searches for A/H — HZ/AZ (blue), A/H — 771 (dotted
orange), A/H — ~v (dashed brown), h - AA/HH (dotted cyan) and ¢tZ production (green) as
well as LEP searches (purple) and the Higgs width measurement I'y, € (0.08,9.16) MeV (grey).

by these searches. However, these channels become inefficient for Higgs mass above 2m,
where A/H — tt opens up. This not only decreases the branching fraction into the clean
A/H — ~7 and 77 final states but it can also increase the heavy Higgs widths significantly
which imposes a general problem for resonant searches.

Interestingly, this region can be probed by the measurements of ttZ rate, which ef-
fectively constraints the process A/H — HZ/AZ — ttZ. Parent particle masses around
450-700 GeV and daughter particle mass around 350-450 GeV are excluded by this rate

~10 -



measurement. Although a resonant search would be challenging due to large Higgs widths,
this result motivates a dedicated Higgs search utilizing this channel.

At very low masses, ma, mpg < my/2, the BSM Higgs states can be produced in the
decay of the SM Higgs h — AA, HH. These channels have been constrained both directly
in a variety of final states outlined in section 3 and via their impact on the Higgs width itself.
Both direct searches and indirect Higgs width measurements result in similar constraints
in the 2HDM parameter space, excluding light masses m4, my < my/2. Finally, searches
at LEP provide additional constraints at low masses m4 +mpg < 200 GeV.

5.2 tanpf vs. cos(B — a)

Let us now compare the reach of the direct BSM Higgs searches with the indirect constraints
from the precision SM-like Higgs coupling measurements, which are best studied in the cg_,
vs. tg plane.

In figure 3, we show the constraints from the latest LHC Higgs coupling precision
measurements as the grey shaded region for both Type-I (left) and Type-II (right) 2HDMs.
The central region around the alignment limit of cg_, = 0 is always unconstrained by the
Higgs coupling measurements. For the Type-1 2HDM, the fermion Yukawa couplings can
be written as gnff = Sg—a + Cs—a/tg. At low tg, even small deviations from the alignment
limit results in an enhanced Higgs production rate and decay width into bottom/tau pairs
which can be excluded by Higgs couplings measurements. For large values of ¢g, the
Yukawa couplings are almost ¢g-independent, g, ¢ ~ s3_q, resulting in weaker constraints
of |eg—qa| < 0.35, mainly from the measurement of the vector boson couplings gpzz.

For the Type-II 2HDM, both the small and large 5 region are tightly constrained by
fermion Yukawa couplings. Away from the alignment limit, the SM-like Higgs production
rate in gluon-gluon fusion quickly increases as low tg, while the Higgs decay widths into
bottom and tau pairs are enhanced at high ¢3. The bounds are weakest for intermediate
values of tg3 ~ 1, constraining |cg_o| < 0.08. Once loop contributions from heavy Higgses
are included, the shape of the allowed region will be tilted, with tighter constraints at the
large tg region for the Type-1 2HDM, as shown in refs. [6-8]. For the Type-II 2HDM, there
is an additional allowed wrong-sign Yukawa “arm” region [7, 83-85] for 0.1 < cg_o < 0.5
and tg > 4.

The upper panels of figure 3 also show the bounds obtained from the exotic Higgs
decay searches for A — HZ — bbll/r71ll for fixed my = 400 GeV and for mpy = 50 GeV
(red), mpy = 150 GeV (blue) and mpy = 250 GeV (green). For the Type-I 2HDM (left),
small tg < 5 region is excluded. For mpy = 50 GeV, the bounds are almost independent of
C3—a, With the exception of a small band around ggsf = cg—a — Sg—a/tg = 0, where the
decay H — bb/77 is suppressed and the sensitivity vanishes. For larger daughter masses,
the sensitivity decreases away from the alignment limit, since the H — bb/77 branching
fraction is reduced both due to the suppression around gy s = 0 and the increasing decay
branching fractions for the competing H — V'V and hZ channels at large |cs_q|. The later
is particularly important for heavy Higgs mpy > 2myy, where the sensitivity sharply peaks
around the alignment limit, as can be seen from the green curve for my = 200 GeV.

- 11 -



Type-l: may =400 GeV Type-ll: may =400 GeV

50 50

-=-= my=50 GeV

...... mezso Gev ?
-

Hh

10 1

«Q «Q
C C
8 8
l .
0.5 0.5 / == my=50GeV
—— my =150 GeV
------ my =250 GeV
0.1 - " r r " 0.1 - : . — ;
-0.5 -0.25 0 0.25 0.5 -0.5 -0.25 0 0.25 0.5
cos(B—a) cos(B—a)
50 Type-I: my =150 GeV and my =400 GeV 50 Type-Il: my =150 GeV and m, =400 GeV
7

tanpB
tanB

0.5 7T : 0.5 1

0.1 T T T T T 0.1
-0.5 -0.25 0 0.25 0.5

Figure 3. Constraints on the Type-I (left panel) and the Type-II (right panel) 2HDM in t5 —cs_q
plane. Top: parameter space excluded at 95% C.L. by the A/H — HZ/AZ search for my =
400 GeV and mpy = 50 GeV (red), 150 GeV (blue) and 250 GeV (green), and by the global fit of
SM-like Higgs couplings strength p;, (grey). Bottom: constraints at 95% C.L. for my = 400 GeV
and my = 150 GeV from LHC searches for A — HZ (blue), A — hZ (dashed dark blue), H — 77
(dotted orange), H — v (dashed brown), A — tt (dot-dashed magenta) and 4t production (dashed
purple) as well as the global fit of SM-like Higgs couplings strength u; (grey hatched region).

The Type-IT 2HDM (right panel), on the other hand, also receives constraints at large
tg due to the enhanced bottom-associated Higgs production mode. For mpy = 50 and
250 GeV, one can identify two distinct regions corresponding to bbA associated production
at high tg 2 10 and the gluon fusion at low tg < 10, while for mpg = 150 both these regions
overlap, covering the entire parameter space. As for Type-I, the sensitivity decreases for
large |cs_qo| due to the competing H — V'V and hZ channels, which is especially visible
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for mpg = 250GeV. A band with no sensitivity is now visible around gy = ggrr =
C8—a + 83—alp = 0 as a result of the cancellation between the first and second term.

The lower panels of figure 3 show the complementary between the Higgs couplings
precision measurements (grey hatched region) and the direct exclusion limits from various
BSM Higgs search channels for m4 = 400 GeV and mp = 150 GeV. The leading constraints
come from the heavy CP-even Higgs decay H — 77 and ~yy, the CP-odd Higgs decay A — tt
and hZ, as well as the 4t cross section measurement. We do not show additional constraints
from the H/A — V'V, hh, pp and bb channels, which are generally weaker.

For Type-I, the H — 77 and 7y channel constrain tg3 < 1 with a cg_, dependence
entering both in the production and decay. The A — tt constraints are independent of
cg—q and limited by a suppressed production rate towards larger ¢t and a large decay width
I'4 > 0.2my at low tg. The A — hZ channel constrains [cg_qo| > 0.2 for 0.8 < tg < 5, where
the low tg limit is again due to a large width I" 4, limiting the applicability of the resonance
search. Finally the 4t cross section measurement can constrain the tg3 < 1 region, with
the limits constraining the (offshell) ttH production at negative cg_, and ttA production
positive c¢g_,, resulting in cg_,-dependent and cg_,-independent bounds, respectively.

For Type-II, the additional bbA/bbH production modes result in additional constrains
from H — 77 and A — hZ at high ¢tg3 > 10. Additionally, the H — 77 reach is reduced
at low tg < 1 for negative cg_, where the gy, = cg_o + 5g—ats coupling vanishes. Also
note the exclusion region of A — hZ for cg_, > 0 and intermediate tg ~ 2 is split in two
parts, due to the vanishing branching fraction for h — bb when gpp, = 55— — cg—ats = 0.

Combining all constraints, we can see that the Higgs precision measurements exclude
large deviations away from the alignment limit, while the direct BSM Higgs searches pro-
vide additional constraints also in the alignment limit. In particular, the exotic Higgs
decay A — HZ provides important constraints for intermediate values of 5, showing its
complementarity to the conventional searches.

5.3 tan3 vs. my

While in figure 1, we have considered the constraints in the m 4 vs. g plane for a degenerate
mass spectrum, we now consider the same parameter space again for a non-degenerate
spectrum permitting the exotic decay channel A/H — HZ/AZ.

The top panel of figure 4 shows the constraints from the A/H — HZ/AZ channel for
Type-I (left panel) and the Type-II (right panel) 2HDM for mpy = 200 GeV. The low mass
region myg < myg —myz = 110 GeV probes the decay H — AZ while the high mass region
ma > mpg +myz = 290 GeV is sensitive to decay A — HZ.

The largest reach is obtained under the alignment limit of ¢g_, = 0. For the Type-I
2HDM, tg up to about 10 can be excluded for m4 > 290 GeV, while the reach in ¢z is
reduced when cg_, increases. For small m4, when H — AZ is kinematically accessible,
tg S 2 can be excluded. Regions with large t3 remain unconstrained, given the suppression
of all the Yukawa couplings.

For the Type-II 2HDM, the reach extends to large tg where the bbA/H production
rate is enhanced. Almost the entire range of ts is constrained by the A/H — HZ/AZ
channel with the exceptions of the low tg < 0.2 region, where the branching fractions for
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Figure 4. Constraints on the Type-I (left panel) and the Type-II (right panel) 2HDM in m4 — tg
plane. Top: parameter space excluded at 95% C.L. by the A/H — HZ/AZ search for mpy =
200 GeV and cg_ = 0 (red), 0.1 (blue) and 0.2 (green) in the left panel and c¢g_o = 0 (red) and
0.05 (blue) in the right panel. Bottom: constraints at 95% C.L. for mpy = 200 GeV and cg_o = 0.1
from LHC searches for A — HZ (blue), A — hZ (dashed dark blue), H — AA (dashed cyan),
H/A — 77 (dotted orange), H/A — ~v (dashed brown) and 4¢ production (dashed magenta) as
well as the global fit of SM-like Higgs couplings strength u;, (grey hatched region) and the Higgs
width measurement I', ¢ (0.08,9.16) MeV (grey).

H/A — bb and 77 are suppressed, and a gap at intermediate t3 ~ 5 at low and high masses
m 4, where the Higgs production cross section is reduced.

The lower panels of figure 4 present the global constraints from direct search channels of
the BSM Higgses, the Higgs coupling u;, and Higgs width 'y, precision measurements, and
the 4t cross section measurements. While for m4 < 300 GeV, the strongest conventional
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search constrains are related to the decay of the pseudoscalar A, at large my = 300 GeV
constraints mainly come from direct searches for H, whose mass is fixed to mg = 200 GeV.
Therefore, there is no dependence on m 4 for the 77, vy and 4t exclusion limits in the large
m4 region.

For the Type-I 2HDM with cg_o = 0.1, the small m4 < my,/2 and the small tg < 2-3
are excluded combining all channels, with the A — HZ gap of |ma — mpg| < myz region
completely covered by the A/H — 77 and ~v, the 4¢, and the A — hZ channels. For
the Type-II 2HDM with cg_o, = 0.05, the small t{g < 1 region is covered mostly by the
H/A — 77, the 4t, and the A — HZ and hZ channels, while large tg region is covered by
H/A — 77 and A — HZ. Note again that we have fixed my = 200 GeV, which causes
the H — 77 channel to exclude the entire tg range for m4 2 100 GeV. Combinations of
all channels exclude nearly the entire parameter space except for intermediate tg ~ 2 with
m4 ~ 100 GeV.

6 Conclusion and outlook

Since the discovery of 125 GeV Higgs boson, there have been many theoretical and exper-
imental studies searching for additional scalar particles. In the framework of the 2HDM,
besides the usual search methods for the non-SM Higgs bosons, such as SM Higgs precision
measurements, conventional Higgs decays channels (A/H — ff,VV,~7), and decay to SM
Higgs (H — hh, A — hZ), exotic decays of BSM Higgses such as A/H — HZ/AZ offer ad-
ditional discovery potential when such modes are kinematically open. On the one hand, ex-
isting constraints based on the conventional searches will be relaxed given the reduced decay
branching fractions. On the other hand, such exotic decay modes provide additional search
channels in the parameter regions with large mass splittings between non-SM Higgses.

In this study, we focused on the exotic decay of A/H — HZ/AZ, which is the most
promising channel given the large branching fraction as well as the clean experimental
signal of bbl¢ and 77¢¢. ATLAS [57] and CMS [58, 59] have performed searches for these
decay channels at both 8 TeV and 13 TeV. We performed a comprehensive study of the
BSM neutral Higgses in the Type-I and Type-II 2HDMs under existing direct and indirect
search results, and studied the constraints on their parameter spaces. We list our main
findings below.

e Given the theoretical considerations and electroweak precision measurements, large
mass splittings = 200 GeV in BSM Higgs masses in the 2HDMs are generally not
allowed for large BSM Higgs masses 2 1TeV [13]. Therefore, the LHC is the most
relevant machine to probe the parameter space of non-degenerate 2HDMs. While the
bbll final state is used in the current 13 TeV searches, final state with 774¢ will be
promising at high luminosity given the reduced SM backgrounds comparing to the
bbl¢ mode.

e For the conventional search channels, the most sensitive ones are H/A — 77 and ~7.
Other channels only provide subdominant constraints.
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e The low mass region of m 4, ~ 100 GeV is still challenging for both the conventional
and exotic decay channels, motivating a continuation of searches in this mass region.
For even lower masses of m 4, < my/2, both the SM-like Higgs width measurements
and h — AA/HH can be used to constrain this parameter region. In particular,
h — AA is unsuppressed even under the alignment limit.

e Other than the resonant searches for the BSM Higgses, rate measurements of SM
processes, for example, 4¢ or ttZ, can be used to constrain ttH/ttA or HZ/AZ pro-
duction. It is especially useful in the high mass region above the ¢t threshold when the
decay widths of H and A are large and the resonant searches are ineffective. In par-
ticular, the usefulness of ttZ channel motivates a dedicated search for A— HZ —ttZ
in the future.

e Combing all the searches, for the Type-I 2HDM, most of the ma gy < 350 GeV re-
gions are excluded for low tan 8 under the alignment case. Limits are reduced at
intermediate and large tan 3 as well as cg_o # 0. For the Type-II 2HDM, the limits
for large tan 3 are stronger, given the enhanced production cross sections.

e The exotic decays modes, which have enhanced reach under the alignment limit,
show great complementarity with the SM-like Higgs precision measurements, as well
as the direct search modes of V'V, hZ and hh, which has reduced sensitivity near the
alignment region.

e The exotic decay mode of A — HZ extends the reach in m4 and tan § beyond the
conventional search channels. Combining all the LHC search channels for the non-
SM Higgses, for my = 200 GeV, the entire region of m4 up to about 800 GeV are
excluded in the Type-I 2HDM for the low tan 5. Almost the entire region of myu
vs. tan 8 plane is excluded for the Type-II 2HDM except for a small region around
tan 8 ~ 2 and my ~ 100 GeV.

Besides minimal realizations of the 2HDM that we focused on in this paper, the exotic
decay channel A/H — HZ/AZ channel has also been proven to be a useful probe for CPV
realizations [86] and singlet extension [87-90] of the 2HDM. Additionally, other exotic
decay modes besides A/H — HZ/AZ, such as H¥ — AW,HW, A/H — HT*WT, could
also extend the reach beyond the direct search via conventional decay channels, and indirect
reach via Higgs precision measurements, especially at 100 TeV pp colliders [82]. Combing all
the search channels will provide valuable information towards Higgs sectors beyond the SM.
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