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ABSTRACT: Large mass splittings between new scalars in two-Higgs-doublet models (2HDM)
open a key avenue to search for these new states via exotic heavy Higgs decays. We discuss
in detail the different search channels for these new scalars at the LHC in the presence
of a sizable mass splitting, i.e. a hierarchical 2HDM scenario, taking into account the
theoretical and experimental constraints. We provide benchmark planes to exploit the
complementarity among these searches, analyzing their potential to probe the hierarchical
2HDM parameter space during LHC Run 2.
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1 Introduction

Analyses of the results from the LHC 7-8 TeV run by both ATLAS and CMS show that
the properties of the Higgs particle at my ~ 125 GeV are close to those expected for the
Standard Model (SM) Higgs boson hgy [1, 2]. The complete nature of the scalar sector
responsible for electroweak (EW) symmetry-breaking, however, remains to be determined,
and it is particularly interesting to ascertain whether the Higgs sector consists of only one
SU(2),, scalar doublet or has a richer structure containing additional states. Addressing
this question is a key task for present and future studies at the Large Hadron Collider
(LHC).

Two Higgs doublet models (2HDM) constitute the prime example of a well-motivated
extended Higgs sector, appearing in many extensions of the SM such as the MSSM [3],
composite Higgs models [4] and viable EW baryogenesis scenarios [5]. In addition to the
SM-like CP-even Higgs boson, the 2HDM spectrum contains one more CP-even Higgs, a
CP-odd Higgs and a pair of charged ones®. In recent years, its allowed parameter space
has been scrutinized in light of ATLAS/CMS Higgs coupling measurements and searches
for extra Higgses at the LHC [6-15].

A key avenue to probe the 2HDM heavy Higgs bosons at the LHC which has started to
attract attention recently is the search for exotic decays of the heavy Higgses in the presence
of a sizable mass splitting among them [16-21] (see also [15])T. While the conventional decay
channels of a heavy Higgs into two SM quarks, leptons or gauge bosons have been the focus
of most of the existing searches, the exotic (non-SM) modes of a heavy Higgs decaying into
two light Higgses, or one light Higgs with one SM gauge boson quickly dominate once
they are kinematically open. The current exclusion bounds on extra Higgses based on
their conventional decays only will be therefore significantly relaxed. On the other hand,
the exotic decay modes offer new discovery channels, which have already shown exclusion
power during the 8 TeV LHC run [22, 23], and yield very promising prospects for the 13
TeV LHC run. In this work, we aim to provide a comprehensive categorization and analysis
of the exotic search channels for the new 2HDM scalars, highlighting the complementarity
among them, and provide guiding benchmark planes for Run 2 of the LHC at 13 TeV.

After a review of the 2HDM in Section 2, we present the constraints on the 2HDM
parameter space coming from theoretical considerations (stability of the EW minimum,
perturbativity and tree-level unitarity) and experimental measurements in Section 3, where
we also introduce the salient features of our benchmark scenarios for exotic 2HDM Higgs
decays (Section 3.6) motivated by the theoretical and experimental constraints. In Section 4
we discuss the production and decay of non-SM Higgses at the LHC, and then analyze in
depth our different benchmark scenarios in Section 5, before concluding in Section 6.

*Here we take the assumption of a CP-conserving 2HDM. In the case of CP-violation, the three neutral
Higgses are mixed together to form three mass eigenstates without definite CP properties.

tIncidentally, it has been shown in [18] that sizable mass splittings between the 2HDM new scalars
favour a strong EW phase transition that could lead to baryogenesis.



2 Two Higgs Doublet Models: A Review

2.1 2HDM Lagrangian and Higgs Potential
In the 2HDM, we introduce two SU(2)r, doublets ®; (i = 1,2):

o
b= ((w 0+ m)/ﬂ> ’ @1)

where v; are the vacuum expectation values (vev) of the neutral components, satisfying
v? +v3 = v?, with v = 246 GeV. The ratio of vevs is defined as tan 8 = vy/v;. The 2HDM
Lagrangian for ®; can be written as

L= "|Du®i|* = V(®1, P2) + Lyuk; (2.2)

where the first term denotes the kinetic term for the two Higgs doublets, V(®1, ®2) is the
Higgs potential and the last term denotes the Yukawa interactions between ®; and the SM
fermions. Assuming CP conservation and a soft Zo symmetry breaking, the 2HDM Higgs
potential can be written down as':

A
V(®1, By) = m3 1P + m3y®idy — mIy(®1dy + hc.) + %(@}@1)2 + 3@;@2)2
1
+ Xa(@[01)(@]8s) + Aa(]02)(@}01) + 5 [As(@]@2) + hc.

After EW symmetry breaking, the physical 2HDM scalar spectrum consists of five states:
two CP-even Higgses h, H with mj;, < mpg, a CP-odd scalar A and a charged scalar pair
H¥ [24], which may be written as

()= () (),
(=) () Ge)- () (5)

with the angle o parametrizing the mixing between the neutral CP-even components (we

(2.4)

use the shorthand notation s, = sin z, ¢; = cos z, t, = tan x). The Goldstone bosons G
and G* are absorbed as longitudinal components of the Z and W= bosons. In the limit
cg—a = 0 (the alignment limit for h), the state h can be identified with the SM Higgs,
its couplings to fermions and gauge bosons being precisely those predicted by the SM¥. Tt
is thus convenient to describe the model in terms of ¢g, cg—_,, the physical scalar masses

#The most general scalar potential also contains the terms [/\6(@];@1) + )\7('1%@2)} (@1 ®s)+h.c. (leading
to potentially dangerous flavour changing neutral currents), which can however be forbidden by imposing
a Zy symmetry, softly broken by the m3, term.

$We note that if the heavier neutral CP even Higgs H is identified with the observed 125 GeV SM-like
Higgs, the alignment limit is instead described by sg—_o = 0 [25].
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mp, Mg, ma, Mg+, the soft Zo symmetry breaking parameter m%Q and the vev v. The
quartic couplings in Eq. (2.3) can be expressed in terms of the physical masses and mixing
angles as (see e.g. [26])

1
oo mAcE 4 mis2 —mity o mipsi+mick —mit;
v = 5 , VA = 3 ;
€s 5B
2y (m%[ — m%)saca + 2m%{i8505 — m%Q 2y (m%1 — Qm%i)%c/g + m%Q
v )\3 = , U )‘4 - )
Spep SpCp
2 2
—m%s8gcg +m
V2 = —AE T2 (2.5)
SpCp

2.2 Interactions in the 2HDM

The couplings of the CP-even scalars to a pair of gauge bosons, arising from the Higgs
kinetic term in Eq. (2.2), are [24]

2im> 2im> 2im? 2im2
A _ Z _ W _ w
$8—as 9HZZ = CB—ay GhWW = $8—as GHWW =

9hzz = CB—a-
(2.6)

The CP-odd scalar A does not couple to pairs of vector bosons, while the charged scalar

H#* only couples to pair of vector bosons at loop level. In addition, the couplings of two

scalars and one vector boson read

mgz mz
Ghaz = — cs—a(Ply — D), gHaz = —— sg—a(Py — Phy),
imyy imyy
ghatws = £ " Cﬂ—a(pl;[-&- —PZ)7 JHHTWT = :FTSﬂ—Ot(p/;{+ —P’;;), (2.7)
mw
JAHTWTF = (piﬁ —Pﬁ;),

in which p* are the outgoing momentum for the corresponding particle. The hH Z-coupling
is absent due to CP conservation. We note that, considering h (H) to be the SM-like 125
GeV Higgs with cg_q = 0 (sg—o = 0), gauge boson couplings to two non-SM like Higgses
are unsuppressed, while the gauge boson couplings to h (H) and one non-SM like Higgs
are suppressed by cg_q (55-a)-

Regarding the cubic couplings among scalars arising from the 2HDM scalar potential
Eq. (2.3), the relevant ones for our analysis are

1 Am?
grmh = — 7 ( 2 (3 aSBta — 298-aCh—aChra) — (2mf + miy)(s3a—p + 3a+,3)),
S28 UV \ S8C3
1 4m%2 2 2
- _ — 8mZes - 4543 )
9HAA L5250 ( sa¢s SB+a — 8MACs_aSpcs — My (Sa—3s + 35a+p)
1 4m?
9HH+H- = _4 ( 12 Sp4+a — 8m§{i05_a8565 - m%{(sa—i’:ﬁ + 35a+,3))a (2'8)
S23V \ SgCg

which could mediate decays with H being the parent scalar: H — hh, H — AA and
H — HYH~. As seen directly from Eq. (2.8), these couplings depend not only on the
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mass spectrum, but also on the soft Zy symmetry breaking term m?, (we note here that

the couplings shown in [24] assume the MSSM relation m?, = m?%sgcg). We also stress that
for a light CP-odd scalar A with m4 < my/2, the decay channel h — AA could be open,
being however very constrained experimentally (see [28] for a discussion of this region of
the 2HDM parameter space).

State Up-type fermions Down-type fermions
h|ca/ss = 8p—a + Cp-a/lp|=5a/C8 = $8-a — Cp-a lp
H |5a/58 = - = 88-a/ts| Ca/Cs=Csa+58-atlp
A 1/755 g

Table 1. Tree-level couplings to up-type fermions and down-type fermions normalized to their SM
values for h, H and A in the Type IT 2HDM.

Finally, as is well-known the couplings of the 2HDM scalars to SM fermions, contained
in Lyyk in Eq. (2.2) are not univocally determined by the gauge structure of the model.
In the presence of a Zy symmetry guaranteeing the absence of tree-level flavour changing
neutral currents [29], four possible 2HDM types exist (see [30] for a discussion). The
couplings of the neutral scalar states to SM fermions, normalized to their SM values, can
be expressed in terms of functions of o and 3, shown in Table 1 for the particular case
of a Type II 2HDM (one Higgs doublet @2 couples to the up-type quarks, while the other
Higgs doublet ®; couples to the down-type quarks and leptons).

2.3 The Alignment Limit and the Role of m?,

It is useful to cast the relations between the quartic couplings and the physical masses
Eq. (2.5) in terms of c¢g_q, which characterizes the departure from the alignment limit for
h

tg (miy — m3spcg)

V2N = m,% — ) + (m,% — m%{) [c%_a(t% —-1)— 2155857046[37@] ,
B
2 2 (’mfz - m%{Sﬁcﬁ) 2 2 2 -2 -1
v A = my, — 552 + (my, —miy) [cﬁ_a(tﬁ —1)+2t, Sﬂ_a%_a} ,
B
2 2 2 2 (m%2 - m%lsﬂcﬁ) 2 2 2 1
VA3 = my, + 2mie — 2my — 5505 — (mj, —miy) |2¢5_q + Sp—aCs—altp — 5 )} ,
2 2
mé, — m4%,53C
v2)\4:m,24—2m§{i+m%[+( 12 155¢8)
SpCp
2 .92
v2\s = m¥ —mA + (mip = mp55cs) . (2.9)

s8¢
Current data from LHC Run 1 favour the alignment limit cg_, = 0 [31] (see also [6-
8, 1012, 14]). For a Type II 2HDM the only other allowed possibility is the wrong-sign

YThe possibility of a light charged scalar with m+ < ms /2 has been ruled out experimentally by LEP,
which puts a lower bound my+ > 80 GeV for Type II (my+ > 72 GeV for Type I) 2HDM [27], thus
forbidding the decay h — HTH ™.



scenario [32] sg4q =~ 1 (compatible with measurements of Higgs signal strengths for t5 > 3).
For c3_o = 0, the relations Eq. (2.9) simply become

tg (miy — myspce)
2
B

V2N = mi —

9

2 2
m — My SpC
v2)\2 m% (12 21{55)

tgsﬁ

)

(m%Q - m%{SﬁCﬁ)

v2)\3 = m,% + Qm%i — Qm%{ —

S8Cp
2 .2
VA = md — 2mis +md + (miy — mis5cs)
SpCp
2 2
miy — Mm% sac
02)\5:m%{—m124+( 12 Ll B'B). (2.10)

Spep

The combination m?, —m%{s[gcrg in Eq. (2.10) will play a key role in the following discussion:
the value of m?, is not fixed by the mass spectrum or the scalar couplings to gauge bosons
and fermions, only entering the trilinear scalar couplings Eq. (2.8). Its possible allowed
values are dictated by theoretical constraints on the 2HDM parameter space, namely the
boundedness from below of the scalar potential Eq. (2.3) and the stability of the EW
minimum, and the requirements of perturbativity and tree-level unitarity on the quartic
couplings );, as shown in the next section. These have a large impact on the allowed values
of masses mp, ma, Mg+, m%Q and tg (and cg_, away from alignment), as the absence of
a value of m?2, satisfying the theoretical constraints for a given set of values for my, ma,
my+ and tg, indicates that such set of values is not physically viable (see e.g. [15]).

3 2HDM Theoretical and Experimental Constraints

3.1 Vacuum Stability

In order to have a stable vacuum, the following conditions need to be fulfilled [26]

A1>0, X>0, A3>—vVAA, As+A+|As5]>—V e (3.1)

For cs_o = 0, satisfying the first two conditions requires m%, — m%sgcg < 0 for either
tg > 1 or tg < 1, as seen from Eq. (2.10). Moreover, Eq. (2.9) shows that a departure
from alignment generically has a negative impact on the first two stability conditions.
Focusing on the alignment limit, the first two requirements are automatically satisfied for
m3y —m%spes = 0, with the last two given by

mi +mye —miy >0 mi +m% —m2% >0. (3.2)

This implies that for myg > ma, myg+, the mass splittings between the heavy CP-even
Higgs H and the other heavy scalars A and H* have to be small, such that the decays
of H into AZ, AA, HYH~ or H¥WT are not kinematically allowed. For m2, = 0 all
four stability conditions of Eq. (3.1) are automatically fulfilled. The allowed region in
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the mi2 vs. tg plane is shown in the left panel of Figure 1 for mgq = mpy+ = 400 GeV
and my = 200, 300, 400 GeV as an illustration. As seen from Figure 1, the regions
mi, < m%{%% are generically allowed by the vacuum stability requirement.

@ = @ 10° F
8 c —— m,=200GeV 8 o —— m,=200GeV
B —— m,=300 GeV B —— m,=300 GeV
- —— m,=400 GeV - —— m,=400 GeV
B m, = m,,. = 400 GeV i m, = m,,. =400 GeV
10 = 10 &
1 1=
E L L PN —ne i e e e reL | il = pepep—— fin L i i i | L
0 50 100 150 200 250 300 0 50 100 150 200 250 300
m,, [GeV] m,, [GeV]

Figure 1. Allowed region in the (mq2, tg) plane from vacuum stability (left panel) and unitarity
|A;| < 8 (right panel) for mpy = 400 GeV (red), 300 GeV (blue) and 200 GeV (green), assuming
Ch—a =0 and my = my+ = 400 GeV. The black lines denote the relation m¥, = m?sscg.

3.2 Perturbativity and Unitarity

Upon imposing the perturbativity condition |\;] < 4w, the strongest constraints in the
alignment limit come respectively from v2\; ~ t%(m%2 —m2sgcg) for tg > 1 and v2Ag ~
tgg(m%Q —m3sgep) for tg < 1. Thus, perturbativity requires ‘m%Q —m%sgeg| < v? unless
tg ~ 1. Moreover, even for m2, = m%{%%, perturbativity of A3_s imposes constraints on
the size of the mass splittings among the new scalars.

Even stronger constraints are found when requiring tree-level unitarity of the scattering

matrix in the 2HDM scalar sector [33]. The eigenvalues of the scattering matrix read

A2 = A3 Ay,
Azs = A3 A5,
As g = A3+ 24 £ 3 )5,

1
Ars =5 </\1 o £ /(O — Ae)? + 4A3> ,

1
- = ()\1 TtV On — M2+ 4|)\5]2) :
1
2

(300 + 22) VOO — X2 + 420 + A0)%) (3.3)

and for the S-matrix to be unitary (at tree-level), it is necessary that |A;| < 8=/l [33]. A
quick inspection of Eq. (3.3) shows that for ¢g > 1 the scattering matrix eigenvalues scale
as A7g11 ~ A1 (particularly Aj; ~ 3 A1), which again imposes ‘m%Q — m%%%’ < v? (and
yields an even stronger constraint than the perturbativity one). A similar argument follows

IWe note that the 2HDMC Code [34] uses |A;| < 167 as tree-level unitarity condition, which results in
the perturbativity constraint being more important.
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for t5 < 1, this time with A7911 ~ A2. As a result, m?, &~ m?%sgscg is strongly preferred
unless tg3 ~ 1, as shown explicitly in the right panel of Figure 1 (for my = mpy+). In the
limit m?, = m? sgca, the scattering matrix eigenvalues from Eq. (3.3) become independent
of tg (in alignment cg_, = 0) and read

2 _ 2 2 2 2_ 2 2 2 2
Aq(9),10v° = mj Fmi £m7, Aov® = mj — 3my — m5 +4my .,
2 _ 2 2 2 2 2 _ 2 2 2 2
ASUz _ mg ~ mH2_ A —2~_ 2mHﬂ[27 A4,5112 _ mg N 377;H B W2LA b 2WQLHi’ (3.4)
Agv® = mjy — 3miy +5my — 2my, A7 0" = mj = my £ m% F 2mi.,

Apv? =5mi — 3 mi +m% +2my.,  Apv? =mi +3my —m? —2m2.,

such that |A;| < 87 impose upper limits on the mass splittings (although not on the masses
themselves). We also note that for m?, = 0, A;_g are independent of tg (depending only
on the scalar masses) while A7_12 do depend on tg, which once again results in tg ~ 1
being the only accessible region for large mass splittings in this case.

3.3 Electroweak Precision Measurements

Measurements of EW precision observables (EWPO) impose strong constraints on the
2HDM mass spectrum. Adopting the current 95% C.L. constraints on the S and T oblique
parameters (with U = 0) [35], the allowed region of parameter space in the (m4, mg=+)
plane is shown, for cs_, = 0 (neither t3 nor m?, affect S and T), in the left panel of
Figure 2 respectively for my = 400 GeV (red), mg = 300 GeV (blue) and my = 200 GeV
(green). Satisfying EWPO constraints requires the charged scalar mass to be close to one
of the heavy neutral scalar masses: my+ &~ mypg or my+ = may.

< 600 1000
F —m,= cos(B-a) =0 @ =
& 550 - =200 GeV S(B-01) O 900
‘fI F— m,=300GeV r
£ 500 —m =400Gev & 800
- < -
450 £ 700 [
400 = - F
E E 600
350 - B
300 (= 500?
250 [ 400 |-
200 - 300 -
150 |- 200 -
1007" (e o b b by b b by by CrefEal i e el B i e B e e v e e
100 150 200 250 300 350 400 450 500 550 600 -1 08 06 04 02 0 02 04 06 08 1

m, [GeV] cos(p-a)

Figure 2. Left: 2HDM parameter space in the (ma, mg+) plane allowed at 95% C.L. by S and T
measurements [35], for my = 400 GeV (red), my = 300 GeV (blue) and my = 200 GeV (green),
assuming c¢g_o = 0. Right: S — T constraints in the (cg—qo, mu) plane for mg = ma = my=.

Away from the alignment limit, additional contributions to S and T proportional to
cs—q appear [24] (see also [36]), such that the scenario my = ma = mpy+ is only allowed
for small |cg_q| once mpy > v is realized, as shown in the right panel of Figure 2. The
departure from alignment also allows for mild mass splittings among all the new scalars
(e.g. ma >mpyg +myz and my 2 myg+ + myy), which however does not significantly alter
the phenomenology of exotic Higgs decays at the LHC, discussed in detail in Section 5.
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3.4 Flavour Constraints

Various flavour measurements [37] provide indirect constraints on the charged scalar mass
my=+ as a function of 5. The different limits are computed for the case of a Type 11 2HDM
with SUPERISO [38, 39], and shown in the left panel of Figure 3. The most stringent of
these™ comes from the measurement of the branching fraction (BR) of b — sy (BY — X,v),
which sets a limit m g+ > 480 GeV at 95 % C.L. [43] (we note that the limit is even stronger
for tg < 2). For large tg 2 20, the lower limit on my+ set by the measurement of the
branching fraction B(j — 71 is significantly stronger, with my+ > 700 GeV for tg = 30.
Similarly, the region t5 < 1 is very strongly constrained by BY — uu and Amp,.

For mpy = 125 GeV and sg_, = 0, when the heavy CP-even scalar H is the SM-like
Higgs, the mass of the light CP-even Higgs h is constrained by flavour measurements as
well, as shown in the right panel of Figure 3 for Type II 2HDM. The strongest constraint
in this case comes from BY — ;" p~, which can exclude up to my, < 100 GeV (the precise
bound depending on m?, and tg) for masses mp+ satisfying the b — s constraint.

Note that flavour constraints are typically very model dependent. Contributions from
additional sectors in the model could relax the constraints, as has e.g. been studied in
the MSSM framework for b — sv [44]. Being mostly focused on the collider aspects of
2HDM Higgses, we will not consider flavour as a hard constraint in the following, however
indicating its effect on the parameter space under consideration.

@ e ;‘
2 - 120 [F R N ] 0 — g
s mi=Mi §; G S iy mHZ%_CB'_ Bg L Bs ~ Wy
= ool mg, = 0:f By — pu
E B - Bg - Xy
—Aam, ol
—Bj; - T'V H
—B) - Xy
—B] -
—Bs - pu
—Di - utv

Iz D: - T'V
1 ﬂ- ______________________________________ th =15
il e N e ST S Ry A N I (e PSS S LS e e
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
m,- [GeV] m,. [GeV]

Figure 3. Type II 2HDM parameter space excluded by flavour constraints (see text for details).

3.5 LHC and LEP Constraints

We now review the constraints from direct searches of the new scalars. Besides the LEP
bound my+ > 80 GeV (72 GeV) for Type II (I) 2HDM [27], LEP searches for ete™ —
AH(H — bb/TT, A — bb/TT) constrain the sum of the masses m4 +mg 2 209 GeV [45].
At the LHC, the searches for A/H in bb-associated production and decaying to 77 by

**We note here that the recent measurement from the BaBar Collaboration of the ratios of B — D*7v
to B — D*{v decays and B — D7v to B — D{v decays cannot be accommodated within the Type II
2HDM [40]. However, a new measurement of the former ratio by the Belle Collaboration [41, 42] is in
tension with this conclusion. Since this matter is not settled yet, we choose not to include these flavour
measurements in our discussion.



ATLAS/CMS [46, 47] constrain the high ¢g region in the Type II 2HDM. Away from
alignment, searches by ATLAS/CMS for H - W*W~,Z7 [48-50], A — hZ (h — bb) [51,
52] and H — hh — bby~y,bbbb [53-55] yield strong constraints on the (cg—q, tg) plane as
a function of the respective mass my/ma (see e.g. [13, 15]). We however stress that the
limits summarized above can be significantly weakened once exotic Higgs decay channels
are open [15-17, 19, 21]). Searches for these new channels, e.g. via A/H — HZ/AZ are
then crucial for probing 2HDM scenarios with large mass splittings among the new states
(i.e. hierarchical 2HDM scenarios), and there is already ongoing effort by CMS in this
direction [22, 23].

Finally, ATLAS/CMS searches impose constraints on the charged scalar [56, 57] beyond
those of LEP. A light charged scalar myg+ < my is mostly excluded by the non-observation
of the decay t — H'b — 7vb where the top is produced in top pair production. For
mpy+ > my, the current limit is very weak and only constrains the high ¢z region for my+
not much above the top mass (see [19] for a detailed discussion).

3.6 From Constraints to 2HDM Benchmarks

The combination of previous constraints provides a key guideline to the design of simplified
2HDM benchmark scenarios for LHC Run 2 searches at 13 TeV. EWPO measurements
require the mass of the charged scalar to be close to the mass of one of the neutral scalars,
and so we fix myg+ = mpg or myg+ = my4 in the following. In addition, measurements of
Higgs signal strengths at the LHC favour the alignment limit (cs_o = 0 if h is the 125
GeV SM-like Higgs), particularly for Type IT 2HDM. We then focus our analysis mostly on
the alignment limit, and only consider deviations from alignment when discussing possible
decays of the new scalars into the SM-like Higgs h.

Regarding the impact of theoretical constraints on the 2HDM parameter space, the
previous discussion shows that satisfying unitarity/perturbativity and vacuum stability
bounds (close to the alignment limit) for arbitrary values of tg requires mi, = m?%sscs
and my < ma, my+. Alternatively, stability is satisfied for any mass ordering if m?, = 0,
while unitarity requires in this case a low value of tg. We thus consider these two scenarios
as benchmark cases for our analysis:

e Case 1: m}, = m%spcs
— From Eq. (3.2), vacuum stability requires mg < my and myg < my+, and thus
the exotic decays H — AZ and H — H* WT are not kinematically allowed.

— Unitarity requires |A;| < 8, constraining the mass differences among the new
scalar states (but not the absolute mass values). In particular, using Eq. (3.4)
we obtain the bound ‘5(m?4 —m2) + mﬂ < 812 if my+ = my, and the bound
13(m?% —m3;) +5mi| < 8mv? if my+ =ma.
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— The cubic scalar couplings Eq. (2.8) now read

Cp—
Grnn = — =2 2 (M3 + m}) saa — miy 5]
Sop U
_ _CB-a, 92 9 m2 (3.5)
gHAA =~ (m7 —2m%) .
_ _Ba2 g2
JHH+H- = %0 (my M)

In the alignment limit cg_, = 0 all these couplings vanish, and therefore the
decays H — AA, H — H"H~ and H — hh are absent (H — AA and
H — HTH~ are also not kinematically allowed for m?, = m%sgcg).

e Case 2: m}, =0and tg~ 1

— Vacuum stability does not constrain the parameter space. In particular mpg >
my4, my+ is now possible, allowing the decays H — A Z and H — H* W¥ (and
potentially also H — AA and H — HYH™).

— Unitarity imposes an upper bound on the scalar masses (not only on the mass
splittings). This bound scales as tEQ for tg > 1 and as t?} for tg < 1, such that
only the region tg ~ 1 is allowed (we recall that in Type II 2HDM, at least one
of the neutral scalars needs to be heavy due to the combination of EWPO and
flavour constraints).

— The cubic scalar couplings Eq. (2.8) now read

cg_
9Hhh = B 52;“ (2m;21 + m%{) [(C%_a - 8%_0) 528 — 2 SB—a C—a 625]
1
JHAA = —3 5250 [(m%{ —2m?%) cp_q S25 + 2M3 S50 cop] (3.6)
1
JHHTH- = ~5 (M7 — 2m32) co_a S25 + 2Mi; S5—a C25)
So8V

In the alignment limit the coupling ggnn vanishes and thus the decay H — hh
is absent. However, the couplings gr44 and gy g+ py- are non-vanishing as long

as tg # 1.

For our analysis of benchmark scenarios away from alignment, which focus on the
decays of A, H, H* into the SM-like Higgs h, we consider the same two cases above for
consistency (even though these cases are motivated by theoretical constraints for cg_, = 0).

4 LHC Production and Decay of 2HDM Higgses

We now discuss the salient features of the production and decay of the new 2HDM scalars
at the LHC. The production of the CP-even and CP-odd neutral scalars H, A at the
13 TeV LHC occurs via gluon fusion (gg — H/A) and bb-associated production. Gluon
fusion is the dominant production mechanism for small and moderate values of ¢, while
for Type II 2HDM, bb-associated production dominates at large tg. In both cases, we

— 11 —



compute the production cross section for H and A at NNLO in QCD via SusHI [58] (for
H, the cross section does depend on cg_,, and in that case we consider the alignment limit
cg—a = 0). For the charged scalar H + the dominant production mode for my+ > my is
in association with a tb pair, and we use the NLO cross section values provided by the
Higgs Cross Section Working Group (HXSWG) for mg+ > 200 GeV [59]. A light charged
scalar (my+ < my) is mainly produced through top quark decays t — HTb, and we use
Topr++2.0 [60] to compute the top pair production to NNLO in QCD, assuming a top-
quark mass m; = 172.5 GeV. The LHC production cross sections for H, A and H™ at 13
TeV are shown in Appendix A.

Regarding the decays of the new scalars, in the alignment limit cg_, = 0 the conven-
tional (SM-like) decays of A and H are into t¢ (if kinematically accessible), bb, cc, 77, and
with a highly suppressed branching fraction into gg, vy and pp. When open, the decay
into ¢t is dominant for low and moderate tg, followed by the decay into bb. At high g,
for Type II 2HDM, the decay into 77 becomes important, where the decay into bb can
dominate even above the tt threshold. For the CP-even Higgs H, the decay into massive
gauge bosons WTW ™ and ZZ is present away from the alignment limit, and dominates
as soon as the departure from alignment is sizeable. For the charged scalar, the decay
H* — tb dominates once it is kinematically open, followed by H* — 7v, ¢s and cb. In the
following, we compute all 2HDM branching fractions using 2HDMC [34].

Parent Scalar| Decay Possible Final States Channels in 2HDM
HH,; |(bb)rr/WW]ZZ]) (bb)r7/WW]ZZ]r7)|H — AA, hh
Neutral H,Z |(bb/tT/WW/ZZ[~v) (£L/qq/vv) H— AZ,A— HZ, hZ
H, A HYH™|(tb/Tv/cs) (tb/Tv/cs) H— HYH™
H*WTF|(tb/tv/cs) (tv/qq) H/A— H*WT
Charged H* | H;W=* |(bb/77/WW/ZZ/v7) ({v/qq’) H* - hWW* HW* AW+

Table 2. Summary of exotic decay modes for non-SM Higgs bosons. For each type of exotic decays
(second column), we present possible final states (third column) and relevant channels in 2HDM
(fourth column). In the second column, H; = h, H, A.

We here stress that the above conventional decays of the new 2HDM scalars become
suppressed once exotic (non SM-like) decay modes open up. These can be decays involving
several states among H, A, H*, in the presence of a large mass splitting among the new
scalars (see e.g. [16-21] for existing studies on individual channels), and/or decays into the
SM-like Higgs boson h, namely H — hh, A — hZ, H* — hW=*, which are possible for
cs—a 7 0 and are also considered in the following as exotic (despite involving SM decay
products) as they don’t occur in the SM. In the former case, we can further distinguish
between the decay of a new scalar into another one and a gauge boson, and the potential
decays of H into either AA or HYH~. The different types of exotic decay modes for the
2HDM are summarized in Table 2.

The impact of the presence of exotic Higgs decay modes on the branching ratios is
shown in Figure 4 for cg_, = 0. The top two panels show the relevant branching fractions
of A with myg = mpy+ < my (left), and my < myg = my=+ (right) for my = 500 GeV and
mpy = 200 GeV, with m2, = m%sscg. In the former case, the decays A — HTWT (solid
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Figure 4. Branching fractions in Type II 2HDM as a function of ¢z for cg_, = 0, with parent and
daughter scalar masses fixed to 500 GeV and 200 GeV, respectively. Top: Branching fractions for A
with my = mpy+ < my (left) and with mpy < ma = my+ (right), in both cases for m%, = m?sgcg.
Bottom: Branching fractions for H* with my < mpy+ = my4 and m%, = m%sgcg (left) and for
H with mg > mg= = ma and m3, = 0 (right). In all cases, dashed lines indicate the branching
fractions to SM fermion pairs when exotic decay modes are absent.

blue) and A — HZ (solid green) completely dominate over the SM decays A — tt, bb, 77
for most values of tg, with BR(A — HXWT) ~ 50—-60% and BR(A — HZ) ~ 20—30%,
while in the latter with A — HTWT being absent, the branching fraction of A — HZ
is more than 50%. Decays of A — tt, bb are only important for very small or very large
tg. The dashed lines show for comparison the branching fractions into the conventional
SM states when the exotic decays are absent, which highlights the suppression the SM
channels suffer in the presence of the exotic decays. The bottom left panel in Figure 4
shows the branching fractions of H * for mpg < ma = mp+ (with mgq = 500 GeV and
mpy = 200 GeV) and m2, = m%sgcs. The decay HE¥ — HW= (solid blue) dominates
with BR(H* — HW®) > 50%, particularly for a not too heavy state H*. In that case,
H* — tb is suppressed to be about few percent for intermediate tg, and only reaches
about 50% in the very small and very large tg region. Finally, the bottom right panel in
Figure 4 shows the branching fractions of H for myg > mpy+ = my (with mg = 500 GeV
and m = 200 GeV) and m2, = 0. In this case the decays H — AA and H — HTH~
are allowed and dominate over most of the tg region, except for tg ~ 1, where H — AZ
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and H — H*WT become dominant due to the accidental suppression of the HHTH~
and HAA couplings at t5 ~ 1. Note however that for m%, = 0 the theoretical constraints
do not allow a significant departure from ¢g ~ 1, such that a large branching fraction for
H — AZ and H — H*WT is expected. Decays to SM fermions are highly suppressed in
this scenario.

5 2HDM Planes for Exotic Higgs Decays

Our analysis of exotic Higgs decays in the 2HDM focuses on a few key benchmark planes
which show the complementarity among different LHC search channels for the new scalars.
We first focus on the alignment limit: cg_, = 0 for my > my, = 125 GeV and sg_, = 0
for mp < myg = 125 GeV. In this context, we consider two possible mass planes: m 4 vs.
my = mg+ (Plane I) and mpy vs. ma = mpg+ (Plane IT). These two choices are motivated
by EWPO constraints (recall the discussion in Section 3.3). This is in contrast to a potential
mpy+ vs. mpg = m4 plane, highly constrained by EWPO to a small mass splitting my+ —
mp 4 which closes the phase space needed for on-shell exotic Higgs decays'T, so that we
don’t consider such benchmark plane in our current study. Finally let us remark that,
while we do not impose the flavour bounds as hard constraints on our 2HDM benchmark
planes (recall the discussion in Section 3.4), we do show them as indicative in the following.
Our 2HDM benchmark plane (BP) scenarios in alignment are then:

Plane I: ma vs. myg = my=+

e BPIA: my >mpy =mpg=.
As discussed in Section 3.6, this mass ordering is allowed for Case 1 (m?2, = m%sscs
and all tg values) and Case 2 (m?, = 0 and tg ~ 1). We thus consider four scenarios:
Case 1 with tg = 1.5, 7, 30 and Case 2 with tg = 1.5.

e BPIB: ma < myg =mpg=+.

This mass ordering is not compatible with Case 1 due to vacuum stability (see Sec-
tions 3.1 and 3.6). Thus, we only consider Case 2 with tg3 = 1.5%,

Plane II: my vs. ma = my=+

e BP ITA: mpg > ma = mpg=.
As for BP IB, this mass ordering is not compatible with Case 1, and so we only
consider Case 2 with tg = 1.5.

e BPIIB: my <my =mpg=+.
As for BP IA, we consider Case 1 with tg = 1.5, 7, 30 and Case 2 with t3 = 1.5.

tTAs discussed in Section 3.3, a sizable departure from alignment could allow for a mass hierarchy
ma > mpg + mz (such that A — HZ is kinematically allowed) and mg = mpy+ + mw (such that
H — HT*WT is kinematically allowed, but nevertheless phase space suppressed). The phenomenology of
this kind of scenario is however largely contained in Planes I-II, and so we do not consider it separately.

#¢5 £ 1 is chosen for the exotic decays into two lighter new scalars (H — AA in this case) not to vanish.
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In order to study the decays of the new scalars into the SM-like Higgs, we also consider
a plane in which the departure from alignment is explored, assuming h is the 125 GeV SM-
like Higgs (Plane III). We set mpy = my = myg+ for simplicity, and define the plane as

My = MA = Mg+ VS. Ch_q!

Plane III: mg = my = mpy=+ Vs. cg_q

e BP III:
We consider Case 1 with tg = 1.5, 7, 30 and Case 2 with tg3 = 1.5.

A summary of the different benchmark planes considered and the relevant exotic decay
modes is shown in Table 3. In all cases, we present the o x BR of each characteristic decay
channel at the 13 TeV LHC, together with a detailed analysis of the regions disfavoured by
theoretical and experimental constraints (including flavour constraints, shown for reference
only). The results for Planes I and II (cg_o = 0) are presented in Section 5.1, while the
results for decays to SM-like Higgs away from alignment, corresponding to Plane III, are
presented in Section 5.2. Further details on the cross sections and decay branching fractions
for the non-SM like Higgses can be found in Appendix A.

’ ‘ Mass Planes decays ‘ m2, ‘ tan 3 ‘ Figures
BP IA |ma > mpyg = mp+ A— HE*WT m?%spcp|l.5, 7,300 5,6
A—HZ 0 1.5
BP IB |ma <mpg=mpy«| H— AZ, H— AA 0 1.5 9
H* - AW#*
BP UA|my >ma=mpy+| H— AZ, H— AA 0 1.5 10
H—-HYH ,H— H*WT
BP IIB/mpy < ma = my= A—HZ m?%spes|1.5, 7,300 7,8
H* - HW* 0 1.5
BP I |m4 =my =mpg+| A—hZ, HE - hWW*  |m%spcs|l.5, 7, 30|11, 12, 13
VS. Ch—q H — hh 0 1.5

Table 3. Summary Table of the different 2HDM benchmark planes.

Before we move on to discuss in detail our different 2HDM planes for LHC searches
at 13 TeV, let us comment on the comparison of these benchmark scenarios with others
proposed in the literature. In particular, our Planes I and II have a substantial overlap
with the 2HDM “short cascade” scenario D from [61], while our specific BP IA and BP
IIB have similarities with the A — HZ benchmarks for cg_, = 0 in [15] (see also [18]). As
compared to [61], the present analysis explores the full mass plane, not restricted to specific
benchmark lines with fixed relations®® among my, ma and my+. We also explore the
dependence on tg, which has a significant impact on the allowed 2HDM parameter space

8In particular, we note that the fixed relations in [61] result in the exotic Higgs decays being largely
subdominant above the ¢t threshold, which may not be the case in general (see e.g. Figure 4).
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for Planes I and II. Moreover, our analysis includes the 8 TeV experimental constraint
from the CMS H — AZ /A — HZ search [22, 23|, precisely tailored to probe these 2HDM
scenarios and thus a key ingredient in a study of 2HDM exotic Higgs decays.
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Figure 5. o x BR for the exotic decay A — HT*WT in BP IA: m4 vs mpy = my+ plane, for Case
1 with t3 = 1.5 (upper left), 7 (upper right), 30 (lower left) and Case 2 with ¢tz = 1.5 (lower right).
Contour lines of 10, 102, 10% and 10* fb are drawn as light grey dashed curves to guide the eye.
Shaded and hatched regions are ruled out by theoretical and experimental constraints (see text for
details). The solid horizontal grey line indicates the flavour constraint mzg+ > 480 GeV.

5.1 Exotic Decays in the Alignment Limit
5.1.1 BP IA: myq >mpy =mg+

In this scenario, and for a sufficient mass splitting, there are two dominant exotic decay
channels: A — H*WT and A — HZ, for which we respectively show the o x BR in
Figures 5 and 6. In each case, we show four panels corresponding to the choices of m?,
and tg described in Table 3. Note that for t3 = 1.5, 7 we consider the dominant ggA
production, while for ¢g = 30 the bbA production dominates and is considered instead. For
each panel, contour lines of 10, 102, 10% and 10* fb are drawn as light grey dashed curves
to guide the eye. Large cross sections ¢ x BR 2 1 pb are possible for tg3 ~ 1 and tg > 1,
respectively due to the enhanced top and bottom Yukawa coupling contribution, even for
large CP-odd scalar masses m 4 ~ 500 — 600 GeV. Shaded regions in Figures 5 and 6 are
excluded by the CMS A — HZ search [22, 23|, which already constrains a sizable portion
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Figure 6. o x BR for the exotic decay A — HZ in BP TA: m4 vs my = mpy=+ plane (see caption
of Figure 5 for further details). For t3 = 1.5, the contour line at ¢ x BR = 10 pb around m4 = 350
GeV is caused by the enhanced gg — A production cross section at the top threshold.

of parameter space and highlights the potential of such a search at LHC 13 TeV in the bbéf
and 77£¢ final states, as a probe of both A and H.

Hatched regions show the parameter space excluded by other experimental searches, as
well as unitarity constraints. The former exclusions are mainly due to t — HTb searches,
which yield a limit my+ > my, as well as H — 77 searches for large ¢, which rule out
mpy < 600 GeV for tg = 30. We also show the flavour bound mpy+ > 480 GeV as a
horizontal grey line for indicative purposes.

Regarding unitarity, for Case 1 (m%Q = m%lsBcB) with m4 > mpyg = my=+ the eigenval-
ues of the scattering matrix are |A; 26| = m% —m?% £ O(m3) and |Ag| = 5(m% —m¥%) +m3.
The latter imposes the strongest constraint, which rules out regions with a very large
mass splitting m4 — mpy (as indicated by the hatched region in the lower-right corner
of each panel in Figures 5 and 6). For Case 2 (m2, = 0) with ma > my = myg+,
the strongest unitarity constraints come from |Ag| = 5m?% — 3m?, &£ O(m3) and |Ay| =
%m%(é -I—t%) + %\/9m‘}{(é - t%)2 + 4m*% £ O(m?). In particular, [A11| rules out the large

my region (upper hatched region in the lower right panel in Figures 5 and 6).

Taking into account both the theoretical and experimental constraints, relatively large
regions of my vs. myg = mpy+ remain viable and having a sizable signal cross section
for small to intermediate values of tg for Case I. For t3 > 1, only the region mu 2

~
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myg = mg+ > 600 GeV still survives. For Case 2, given the unitary constraints ruling
out large values of mpg and my, only the region 200 GeV < m4 < 650 GeV and 175 GeV
<mpyg =mpg+ < 450 GeV remains viable.
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Figure 7. o x BR for the exotic decay A — HZ in BP IIB: m4 = mpy+ vs my plane (see caption
of Figure 5 for further details). The solid horizontal and vertical light grey lines indicate the various
flavour constraints.

5.1.2 BP IIB: my < ma = mpg+

For mpy < m4 = my=, the dominant exotic decay channels are A — HZ and H* — HW*.
We show the o x BR for A — HZ and H* — HW™ respectively in Figures 7 and 8. The
low ma + mpy region is ruled out by the LEP search ete™ — AH (recall the discussion
in Section 3.5), while unitarity constraints bound large values for my, mpg: For Case I
the strongest constraints arise from |Ag456,11,12] = 3(m% — m%) £ O(m}), which limit
mi — m%{ for large mpy and/or my. For Case 2, large values of either my or my are
excluded, since the strongest unitarity constraint comes from |Aj;]| = %m%{(fg + t%) +

%\/Qm‘}{(% — 12)2 +4(3m? — 2m3;)? + O(m}).
For Case 1 with tg = 1.5 (upper left panel of Figure 7), signal cross sections for

A — HZ in excess of 10 pb are viable given all the constraints, while we note that the
LHC Run 1 CMS A — HZ search rules out a large portion of the parameter space with
mp < 300 GeV and m4 < 650 GeV. Intermediate values of tg (exemplified by the tg =7
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case shown in the upper right panel of Figure 7) only permit signal cross sections below
1 pb, due to the small gluon fusion production cross section (for m4 > 600 GeV the
ox BR values are in fact below 20 fb). For t3 = 30 (lower left panel of Figure 7), the
current collider search of H — 77 rules out my < 600 GeV, leaving only a small corner
of parameter space allowed, with signal cross sections ox BR < 100 fb. For Case 2, the
lower right panel of Figure 7 shows that the CMS A — HZ search constrains most of the
viable parameter space, which may in turn be probed completely by LHC 13.
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Figure 8. o x BR for the exotic decay H* — HW® in BP IIB: m4 = mpy+ vs. my plane (see
caption of Figure 5 for further details). The solid horizontal and vertical light grey lines indicate
the various flavour constraints.

While the generic features for H* — HW™* are similar to those of A — HZ, the signal
cross sections are about two order of magnitude smaller, due to the suppressed production
cross section of pp — H*tb. This, in addition to the complicated final state HW W ~bb
which results, makes this channel challenging for LHC studies at 13 TeV.

5.1.3 BP IB: my < my+ = mpy

In this scenario, only Case 2 (m2, = 0) is viable. The ox BR for the three possible
exotic decay channels H — AZ, HY¥ — AW® and H — AA is shown in Figure 9 for our
benchmark tg3 = 1.5. The mpy > 460 GeV region is excluded by unitarity, the strongest

unitarity constraint coming from |A;1| = QmH —i—tﬁ \/QmH )2 +4mA £0(m3).
5
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Below the unitarity limit on mg, the ATLAS/CMS limits on A — 77 at low tg (ggA
production) [46, 47] combined with the bounds from the CMS H — AZ search [22, 23]
rule out my > 40 GeV down to myg < 350 GeV. As can be seen from Figure 9, only a
small region of parameter space survives the unitarity and LHC 8 TeV constraints. We
also stress that in this case including the flavour constraint myg+ > 480 GeV would rule
out this benchmark scenario completely.
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Figure 9. o x BR for the exotic decays H — AZ (up left), H* — AW?* (up right) and H — AA
(down) in BP IB: my = mg+ vs. my plane, for Case 2 (m}, = 0) with t3 = 1.5. Contour lines
of 10, 10 and 103 fb are drawn as light grey dashed curves to guide the eye. Shaded and hatched
regions are ruled out by theoretical and experimental constraints (see text for details). The solid
(vertical) light grey lines indicate the flavour constraint my+ > 480 GeV.

5.1.4 BP ITA: myg > ma = mg+

Four exotic Higgs decay channels, H — AZ, H - H*WT H — AA,and H — HYH~ are
possible for BP ITA (which we recall is only allowed for Case 2), shown respectively in the
four panels of Figure 10. Comparing to BP IIB, the additional collider search limit m g+ >
my applies, which overlaps with the 8 TeV LHC exclusion from A — 77. This results in
only a small stripe in parameter space, corresponding to 200 GeV < m4 = mpy+ < 240
GeV and 300 GeV < myp < 450 GeV, being viable. Moreover, we note that the decays
H — AAand H — HTH™ are essentially not kinematically allowed in the viable region, as
shown in the lower panels of Figure 10. This benchmark scenario should indeed be possible
to probe completely at LHC 13 TeV.
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Figure 10. ¢ x BR for the exotic decays H — AZ (up left), H* — H*WT (up right), H — AA
(down left) and H — HYH~ (down right) in BP IIA: my vs. ma = mpg+ plane (see caption of
Figure 9 for further details).

5.2 Exotic Decays into i Away from Alignment
5.2.1 BP IIL: mgq = myg = mpg+ VS. cg_q

Exotic decays with the SM-like Higgs h in the final state are possible away from the
alignment limit cg_, = 0, as the AhZ, H EhWT and Hhh couplings are proportional to
€g—q- In Figures 11, 12, and 13 we respectively show the o x BR for A — hZ, H* —» hW#*
and H — hh, in each case for Case 1 with tg = 1.5, 7, 30 and Case 2 with tg = 1.5 in the
(cg—a V8 My = mpy = mpy+) plane.

For Case 1 with t3 = 1.5, only the region |cg_q| < 0.2 (close to the alignment limit)
is viable as a result of Higgs signal strength measurements (mainly driven by the gpyv
couplings) considering all the theoretical and experimental constraints. The allowed range
for cg_,, shrinks as the masses of the heavy 2HDM scalars grow due to stability constraints,
being already restricted to —0.02 < c¢g_o < 0.06 for myg = my = mpy= ~ 500 GeV. At the
same time, LHC bounds on H — ZZ and A — 77 rule out myg = myg = my+ < 350 GeV.
For significantly higher values of tg (as our t3 = 7, 30 scenarios) the stability constraints
rule out almost completely the region cg_, < 0, while unitarity imposes a strong constraint
on cg_q > 0 for high scalar masses my = myg = my+ > 600 GeV. In addition, for
tg = 7 the vacuum stability constraint rules out the region cg_, > 0.3 while Higgs signal
strengths rule out the region 0.05 < cg_, < 0.24. For tg = 30, Higgs signal strengths
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Figure 11. o x BR for A — hZ for the gluon fusion production in Case 1, tan 8 = 1.5 (upper
left), 7 (upper right), as well as Case 2, tan 8 = 1.5 (lower right), and bbA associated production
for Case 1, tanfs = 30 (lower left) in BPIIL: cg_q vs. ma = mpyg = mpy=+. Hatched regions
are excluded by either theoretical or experimental constraints (as indicated in the legend), while
shaded regions indicate the parameter space constrained by LHC searches for exotic (non-SM) Higgs
decays: A — hZ and H — hh. The solid horizontal light grey lines indicate the flavour constraint
myg+ > 480 GeV.

rule out cg_, 2 0.01, while A — 77 searches restrict the allowed parameter space to
ma = myg = mg+ > 650 GeV, leaving only a very narrow stripe as viable parameter
space. For Case 2 with ¢g = 1.5, satisfying the constraints from H — ZZ and A — 771
requires maq = myg = my+ > 350 GeV and |cg_o| S 0.2, while unitarity imposes an
upper bound on the scalar masses in the range 450 GeV — 550 GeV depending on cg_q.
As shown in Figure 11, the cross sections for A — hZ in the allowed region of parameter
space could reach 1 pb or higher for tg = 1.5 both in Case 1 and 2. For tg = 7 (Case
1) the cross section for A — hZ is still sizable in the allowed region 0.24 < cg_, < 0.3,
reaching values ~ 100 fb. For t3 = 30 the signal cross section is however very small due
to the suppressed branching ratio BR(A — hZ) close to the alignment limit. The signal
cross sections for H* — hW* shown in Figure 12 follow a trend similar to those for
A — hZ, but being typically a factor 10 — 100 smaller due to the suppressed production
cross section for H* above m; (see Appendix A.1). Finally for H — hh the signal cross
sections, shown in Figure 13, are about factor of 10 smaller than those of A — hZ, and
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an additional suppression of the branching ratio BR(H — hh) occurs for certain values of
CB—a (€.8. cg—q ~ 0.22 for tzg =7 and cg_, ~ 0.052 for tg = 30, as seen from Figure 13).
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Figure 12. 0 xBR for H* — hW®* in BPIII: ¢5_, vs. ma = my = mp+ (see caption of Figure 11
for further details).

6 Conclusions

In the 2HDM, other than decaying to pairs of SM quarks, leptons, and gauge bosons, the
exotic decays of heavy Higgses into two lighter Higgses or one light Higgs and a SM gauge
boson are likely to dominate once they are kinematically open. While the collider search
bounds for heavy Higgses based on conventional search modes WW, ZZ, ~vv, bb and 77
for neutral Higgses, and 7v and cs modes for charged Higgses would be relaxed once those
exotic modes are open, the exotic decay modes offer new discovery channels in large regions
of the 2HDM parameter space.

Away from the 2HDM alignment limit, exotic decays into the SM-like 125 GeV Higgs
boson h, namely H — hh, A — hZ and H* — hW¥, are potentially important, and
there is already an ongoing ATLAS and CMS search programme for A — hZ [51, 52] and
H — hh [53-55]. In contrast, close to the alignment limit, as favoured by measurements
of Higgs signal strengths, exotic decays among the new 2HDM scalars become particularly
relevant. The experimental searches based on those channels, however, have just started
with H/A — AZ/HZ [22, 23]. In this work, we carefully examine the exotic Higgs decay
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Figure 13. 0 x BR for H — hh in BPIII: cg_, vs. ma = my = myg=+ (see caption of Figure 11
for further details).

channels in the 2HDM, both in the presence of a hierarchy between Higgses and away
from alignment when this hierarchy is not present. By taking into account the various
theoretical and experimental constraints, we propose 2HDM benchmark plane scenarios
for LHC searches at 13 TeV:

e BPIA: my > mpy = mpys, with A — HZ, H*WT,

e BP IB: my < my = mp+, with H — AZ, AA and H* — AW®,

e BP IIA: mpy > my = my=, with H - AZ, H*W¥, AA, HtH™.

e BP IIB: my < ma = my+, with A = HZ and H* — HW®.

e BP III: my = mpy = mpy+ vs. cg_q, With A — hZ, H* — hW#*, and H — hh.

In each case, we analyze the allowed regions of parameter space and the LHC 13 TeV
o X BR for the relevant exotic Higgs decay modes in those regions.

To summarize, exotic Higgs decays provide new discovery avenues for heavy Higgses. In
turn, the exploration of the proposed benchmarks via these decays could help to understand
the structure of the electroweak symmetry breaking sector beyond the SM.
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Figure 14. Production cross section for H, A and HT at LHC 13 TeV. The contour lines indicate
the cross section of 1, 10, 102, 103, 10, 10° and 10° fb.

Acknowledgments

We would like to thank Baradhwaj Coleppa, Tao Han, Tao Liu, Ken Mimasu and Adarsh
Pyarelal for helpful discussions. We also thank the Munich Institute for Astro- and Particle
Physics (MIAPP) of the DFG cluster of excellence “Origin and Structure of the Universe”
for support and hospitality during the initial stages of this work. The work of S.S. and
F.K. was supported by US Department of Energy under Grant DE-FG02-04ER-41298.
F.K. also acknowledges support from the Fermilab Graduate Student Research Program
in Theoretical Physics operated by Fermi Research Alliance, LL.C under Contract No. DE-

— 25 —



AC02-07CH11359 with the United States Department of Energy. J.M.N. is supported by
the People Programme (Marie Curie Actions) of the European Union Seventh Framework
Programme (FP7/2007-2013) under REA grant agreement PIEF-GA-2013-625809.

A Production Cross Sections and Branching Ratios of 2HDM Higgses

A.1 2HDM Production Cross Sections

In Figure 14, we show the gluon fusion production cross section for H (upper left panel)
and A (upper right panel), bb-associated production cross section for H (middle left panel)
and A (middle right panel), and tbH* production cross section (bottom) for the charged
scalar (details are given in Section 4).
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Figure 15. Left: Exotic decay BR H/A — AZ/H(h)Z for Plane I (top) and Plane II (bottom)
for Case 2 (m3, = 0) with tg = 1.5. For A — H(h)Z, we consider A — HZ for my > mj, = 125
GeV and A — hZ for mp, < myg = 125 GeV (so that the BR into the non-SM like Higgs boson
is shown in each case). Right: Exotic decay BR A/H* — H*WT/AW® for Plane I (top) and
H/H* — H*W¥/HW#* for Plane II (bottom), for Case 2 (m?, = 0) with t5 = 1.5.

A.2 2HDM Branching Ratios for Exotic Higgs Decays

For illustration, we show in Figure 15 the branching ratios of H, — HpV (with H,; =
H, A, H* and V = W*, Z) for Plane I (top) and Plane II (bottom) for Case 2 (m?2, = 0)
with tg = 1.5 (being the scenario allowed for the four benchmarks BP IA, BP IB, BP
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ITA and BP IIB). The decay branching ratios for H/A — AZ/H(h)Z are shown on the
left panels of Figure 15, while those for A/H* — H*WT/AW* (Plane I) and H/H* —
H*W¥/HW? (Plane II) are shown on the right panels.
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