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ABSTRACT: We analyse new signals of Dark Matter (DM) at the Large Hadron Collider
(LHC) in a 3-Higgs Doublet Model (3HDM) where only one doublet acquires a Vacuum
Expectation Value (VEV), preserving a parity Zs. The other two doublets are inert and
do not develop a VEV, leading to a dark scalar sector controlled by Z3, with the lightest
CP-even dark scalar H; being the DM candidate. This leads to the loop induced decay
of the next-to-lightest scalar, Hy — H1ff (f = u,d,c,s,b, e, u, ), mediated by both dark
CP-odd and charged scalars. This is a smoking-gun signal of the 3HDM since it is not
allowed in the 2HDM with one inert doublet and is expected to be important when Hs and
H1 are close in mass. In practice, this signature can be observed in the cascade decay of the
SM-like Higgs boson, h — Hy{Hs — H1H; ff into two DM particles and di-leptons/di-jets,
where h is produced from either gluon-gluon Fusion (ggF) or Vector Boson Fusion (VBF).
However, this signal competes with the tree-level channel qg — H{H\Z* — H H,ff. We
devise some benchmarks, compliant with collider, DM and cosmological data, for which
the interplay between these modes is discussed. In particular, we show that the resulting
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detector signature, K7 f f, with invariant mass of f f much smaller than m, can potentially
be extracted already during Run 2 and 3. For example, the Hy — Hyv* and v* — eTe™
case will give a spectacular QED mono-shower signal.
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1 Introduction

The Higgs mechanism of Electro-Weak Symmetry Breaking (EWSB) seems to be the one

chosen by Nature to assign mass to fermions and weak gauge bosons. In its minimal reali-

sation, through a single Higgs doublet, it implies the existence of a single Higgs boson, as
discovered in 2012 at the Large Hadron Collider (LHC). Indeed such a minimal Standard
Model (SM) is compatible with a myriad of experimental results. However, the well known

unanswered questions such as the origin of flavour, with three families of quarks and lep-
tons, as well as Dark Matter (DM), suggest that some extension beyond the SM (BSM)

is necessary.

Given the existence of three families of quarks and leptons, it is not so far fetched to

imagine that there might also be three families of Higgs doublets, where, as for the fermions,



the replication is not prescribed by the SM gauge group. Indeed, it is possible that the three
families of quarks and leptons could be described by the same symmetries that describe
the three Higgs doublets. In such scenarios, this generation/family symmetry could be
spontaneously broken along with the EW symmetry, although some remnant subgroup
could survive, thereby stabilising a possible scalar DM candidate. For certain symmetries,
it is finally possible to find a Vacuum Expectation Value (VEV) alignment that respects
the original symmetry of the potential which will then be responsible for the stabilisation
of the DM candidate. In such 3-Higgs-Doublet Models (3HDMs), amongst the various
symmetries which can govern them [1]-[4], a simple possibility is a single Za, referred to
here as Higgs parity, which can prevent Flavour Changing Neutral Currents (FCNCs) and
possible charge breaking vacua.

In the present paper, we shall focus on the phenomenology of one of these 3HDMs,
namely, the one in which the third scalar doublet is even and the first and second inert!
doublets are odd under the Z5 parity. We assume a vacuum alignment in the 3HDM space
of (0,0,v) that preserves the Zs symmetry (i.e., the Higgs parity). Thus we are led to con-
sider a model with two inert doublets plus one Higgs doublet (I(2+1)HDM). This model
may be regarded as an extension of the model with one inert doublet plus one Higgs dou-
blet (I(14+1)HDM)? proposed in 1976 [5] and studied extensively for the last few years (see,
e.g., [6]-[8]), by the addition of an extra inert scalar doublet. The lightest neutral scalar or
pseudoscalar field amongst the two inert doublets, which are odd under the Zs parity, pro-
vides a viable DM candidate which is stabilised by the conserved Zs symmetry, displaying
phenomenological characteristics notably different from the candidate emerging from the
I(1+1)HDM case [9], both in the CP-Conserving (CPC) and CP-Violating (CPV) cases,
as noted in refs. [10]-[12]. Within this framework, we study some new SM-like Higgs decay
channels offered by the extra inert fields, with the intent of isolating those which would en-
able one to distinguish between the I(2+1)HDM and I(14+1)HDM, assuming CP conserva-
tion throughout. The analysis of the CPV I(2+1)HDM is postponed to a future publication.

In particular, we shall focus on the loop induced decay of the next-to-lightest scalar,
Hy — Hiff (f = u,d,c,s,b,e, u,7), mediated by loops involving both dark CP-odd and
charged scalars. This decay chain occurs in the I(24+1)HDM but not in the I(1+1)HDM, so
it enables the two models to be distinguished. In practice, the loop decay can be observed
in the cascade decay of the SM-like Higgs boson into two DM particles and a fermion-
antifermion pair, h — HyHy — HyH, ff, wherein the h state is produced from gluon-gluon
Fusion (ggF) (i.e., gg — h) or Vector Boson Fusion (VBF) (ie., g¢() — q¢('h). Notice,
however, that this mode competes with the tree-level channel ¢ — H\H\Z* — H H,ff
present also in the I(14+1)HDM. The resulting detector signature, K7 ff, with the ff
invariant mass well below the Z mass, would indicate the presence of such a loop decay
onset by a small difference between Hs and H; which would in turn identify a region of

LA doublet is termed “inert”, or at times “dark” or simply “scalar”, since it does not develop a VEV,
nor does it couple to fermions, so as to distinguish it from one which develops a VEV, i.e., an “active”
Higgs doublet.

2This model is known in the literature as the Inert Doublet Model (IDM), herein, we refer to it as
I(14+1)HDM, thus clarifying the number of inert and active Higgs doublets.



I(24+1)HDM parameter space largely precluded to the tree-level process. Indeed, we will
show that such a distinctive signature can possibly be extracted at the LHC during Run
2 and/or Run 3. In fact, amongst the possible ff cases, a particularly spectacular one
would be the one in which an electron-positron pair is produced, eventually yielding an
isolated mono-shower signal of QED nature, owing to the fact that the dominant component
(over the box topologies) of the loop signal is the Hy — Hi~* one, where the photon is
(necessarily, because of spin conservation) off-shell, yet eventually producing the e*e™ pair
in configurations where the fermions are soft and/or collinear. In assessing the scope of the
LHC in accessing this phenomenology, we shall consider all available theoretical [13, 14]
and experimental constraints affecting the I(2-+1)HDM parameter space, so as to eventually
define some benchmark scenarios which can be tested at the CERN machine.

The layout of the paper is as follows. In the next section we describe the CPC
I[(2+1)HDM. In section 3, we introduce and discuss the aforementioned loop cascade
decays. In section 4 we perform all necessary calculations, both at tree and loop level,
including analytic formulae for the Ho — Hy ff case. In section 5, we present our results.
We then conclude in section 6. Finally, two appendices will collect some key formulae.

2 The CP conserving 1(24+1)HDM

2.1 The potential with a Z; symmetry

It is known [1] that, in a model with several Higgs doublets, the scalar potential which is
symmetric under a group G of phase rotations can be written as the sum of Vj, the phase
invariant part, and Vi, a collection of extra terms ensuring the symmetry group G.

Here, we study a 3HDM symmetric under a Zs symmetry with generator

g =diag (—1,-1,+1), (2.1)
where the doublets, ¢1, ¢ and ¢3, have odd, odd and even Zs quantum numbers, respec-
tively. Note that this Z generator forbids Flavour Changing Neutral Currents (FCNCs)
and is respected by the vacuum alignment (0,0, v), since the fermions which only couple

to the active scalar doublet, ¢3, are assigned an even Zs charge. The potential symmetric
under the Zs symmetry in (2.1) can be written as

V =Vo+ Va, (2.2)
Vo = —u2(d1n) — 13(dhe) — 13 (8hs)
+me@ + Ao (0h2)? + Aaz (9 63)? (2.3)

+ A12(¢
92)(Dh1) + Nog(63) (B b2) + Ny (6561) (8] 63).
62) + A1 (9]02)° + Aa(@hd)” + As(661)° + hc. (2:4)
This potential has only a Z5 symmetry and no larger accidental symmetry.>

3Note that adding extra Zs-respecting terms, (¢4¢1)(dhd3), (&) (di¢3), (¢1d2)(d11), (¢]ha)(dhea),

does not change the phenomenology of the model. The coefficients of these terms, therefore, have been set

)2

(D101 (35d2) + Nas(D5d2) (85 d3) + Aa1(d5s) (6] 1)
N (6] d2)

Vz, = —tia(0]62)

to zero for simplicity.



We shall not consider CP violation in this paper, therefore we require all parameters
of the potential to be real.
The full Lagrangian of the model is as follows:

L= ‘C'Sf + Lscalar + Ly (wf? ¢3) Lscalar =1 — v, (25)

where ES}/I is the boson-fermion interaction as in the SM, Lgca1ar describes the scalar sector
of the model and Ly (¢, ¢3) describes the Yukawa interaction with ¢3 the only active
doublet to play the role of the SM-Higgs doublet. The kinetic term in Lgea1ar has the
standard form of T' = ), (D#gbi)T (DHF¢;) with D being the covariant derivative for an
SU(2) doublet.

2.2 Mass eigenstates

The minimum of the potential is realised for the following point:

o o7 G+
¢ = < HO+iA? ) IS ( HY+iAY |5 3= | winyic0 | (2.6)
V2 V2 V2
with v? = /\ . The mass spectrum of the scalar particles are as follows.

o The fields from the active doublet.

The third doublet, ¢5 plays the role of the SM-Higgs doublet, hence, the fields G0, G*
are the would-be Goldsone bosons and h the SM-like Higgs boson with mass-squared

mh = 2413, (2.7)
which has been set to (125 GeV)? in our numerical analysis.

e The CP-even neutral inert fields.

The pair of inert neutral scalar gauge eigenstates, HY, HY, are rotated by

cosf sindp, ) 212,
Ry, = , th tan26;, = , 2.8
on ( —sin 6y, cos by, > b = p2 — Ay, — p3 + Ay, (28)

into the mass eigenstates, Hy, Hy, with squared masses

mH1 (—uf 4+ Ag,) cos? Oy, + (—p3 + Ag,) sin® 0), — 23, sin 0, cos Oy,
mH2 (=3 + Ay, sin? 0y, + (—p3 + Ag,) cos? 0, + 23, sin 0, cos 6y,
1 1
where A¢1 = 5()\31 + )\31 + 2)\3) R A¢2 = 5()\23 + A/23 + 2)\2)1)2. (2.9)

e The charged inert fields.
The pair of inert charged gauge eigenstates, qﬁ{c, <Z>2i, are rotated by

cosf. sinf. . 22,
Ry, = , th tan260, = ,
fe ( —sinf. cos 00> A e p2 — Ay — p3 + A ,




into the mass eigenstates, H 13:7 HQi, with squared masses

m = (—p2 + Ay )cos2 O+ (—p2 + A! ,) sin? 0, — 2p2, sin 6, cos b,
Hi = (=3 + A}, sin® 0 + (—p3 + A, cos® b + 2ufy sin 0, cos b,
1
where A¢ = 5()\31) s ¢2 = ()\23) . (2.10)

o The CP-odd neutral inert fields.

The pair of inert pseudo-scalar gauge eigenstates, A}, Ay, are rotated by

0, sind 207
Ro, = ( €08Va S a) , with  tan26, = — s
W

—sinf, cosb, — A% — 3+ AY, ’
into the mass eigenstates, A1, Ao, with squared masses

(— M1+A” )cos® O, + (— 2+Ag2)sin2 0o — 21135 5in O, cos 0,
m1242 (—p —|—A;’)1)sm Ga—l—(—uQ—l—A" )cos? b, +2ufgsin0 cos 0,

2
mAl

1

(The model is CP conserving, therefore there is no mixing between CP-even and CP-odd
states in the inert sector.)

We can separate the inert particles into two families, or generations, with the second
generation being heavier than the respective fields from the first generation. We will refer
to the set of (Hy, A1, ch) as the fields from the first generation and to (Ha, As, H2i) as
the fields from the second generation.

Each of the four neutral particles could, in principle, be the DM candidate, provided
it is lighter than the other neutral states. In what follows, without loss of generality, we

4

assume the CP-even® neutral particle H; from the first generation to be lighter than all

other inert particles, that is:
M < THy, MA s My . (2.12)

In the remainder of the paper the notations H; and DM particle will be used interchange-
ably and so will be their properties, e.g., mp, and mpy.

2.3 Simplified couplings in the I(24+1)HDM

Due to the large number of free parameters in the I(2+1)HDM, which makes it impractical
to analyse the model in the general case, we focus on a simplified case where the param-
eters related to the first inert doublet are n times the parameters related to the second
doublet [10]:

,U,% = n,u%, Ag = TL/\Q, A31 = TL)\23, )\gl = n/\’23, (2.13)

4Other neutral scalars could also play the role of DM candidate, e.g., A1 would be the lightest particle
after transformation A2 3 — —M2,3. We could also choose Hs to be the lightest particle with p3y — —pis,
or As if both A23 — —A23 and M%Q — —,ufg. Hence, the results of our analysis are also applicable to all
neutral scalars following suitable sign changes.



resulting in

Ay, =nhgy,, A/d> = nA;SZ, :zln =n /d/>2’ (2.14)

1
without introducing any new symmetry to the potential. The motivation for this simplified
scenario is that in the n = 0 limit the model reduces to the well-known I(14+1)HDM. We
assume no specific relation among the other parameters of the potential. It is important to
note that the remaining quartic parameters, (A1 11,22,12, \j5), do not influence the discussed
DM phenomenology of the model and thus their values have been fixed in agreement with
the constraints discussed in section 2.4 and compliant with the results on unitarity obtained
in [14].

With this simplification, it is possible to obtain analytical formulae for the parameters
of the potential in terms of chosen physical parameters. In this study, we choose the
set (Mg, My, 9H, Hyhs B4, 0c,n) as the input parameters where gp, g, 5 is the Higgs-DM
coupling. The meaningful parameters of the model are then defined as follows:

2 2
My, + My,

2
A 2.15
2 $2 1+n ’ ( )
1
uh = 5/ (i, —m3,)? = (—14n)2(Ag, — )2, (2.16)
1
Ao = 55 (Mgy = AGy), (2.17)
2
Moy = A0, (2.18)
1
on = E(A@ + Ag, —20%,), (2.19)
VPG H, Hyh
A = 1271 , 2.20
& 4(sin 0}, + n cos2 0y,) (220)
212
/ 12
= 2.21
%27 (1 —n)tan26,’ (2.21)
203
by = T (2.22)

(1—n)tan26,
The mixing angle in the CP-even sector, 0}, is given by the masses of H; and Hy and the
dark hierarchy parameter n:

2 2
mHl - an2

tan® @), = —L——2. 2.23
s R (2:23)
Notice that we restore the n = 1 limit of dark democracy discussed in [10-12] with

0, = m/4. For the correct definition of tan? 6y, the following two relations need to be
satisfied: m%ﬁ < nm%[2 and m%ﬁ < %m%b Without loss of generality, we can limit our-
selves to n < 1, which will correspond to tan26 > 0 for ), < w/4. Reaching other values

of n is a matter of reparametrisation of the potential.

2.4 Theoretical and experimental constraints

As discussed in [10-12], the I(24+1)HDM is subject to various theoretical and experimental
constraints.



In [10], we have studied in detail the theoretical constraints, namely the positivity of the
mass eigenstates, boundedness of the potential and positive-definiteness of the Hessian. Our
parameter choice is also compliant with the EW Precision Test (EWPT) bounds [10, 11].
These limits have been taken into account in the present paper. The second set of experi-
mental constraints comes from the relic abundance of DM as well as dedicated direct and
indirect searches for DM particles. The Planck experiment provides a DM relic density
limit of [15]:

Qpavh? = 0.1197 £ 0.0022. (2.24)

In this work, we do not focus on the details of DM annihilation (for detailed discussions see
refs. [10-12]). However, we require that the DM candidate of the I(24+-1)HDM is in agree-
ment with the upper limit from Planck (2.24) for all considered points. If relation (2.24)
is exactly satisfied, then H; provides 100% of the DM in the Universe. This is a case in
benchmark scenario A50 discussed in later sections [10, 11]. We also consider cases where
H; has a subdominant contribution and the missing relic density is to be provided by an
extension of the model. This usually happens where mass splittings between H; and other
inert particles are small, i.e., in the forthcoming benchmarks I5 and 110. In these two cases,
the coannihilation channels of H1A; — Z — ff' are strong and reduce DM relic density
to values below the Planck value, even for very small values of Higgs-DM coupling.

Benchmark scenario A50 (for 53 GeV < mpy, < 73 GeV) is in agreement with the
most recent direct [16] and indirect [17] detection limits. However, for completeness, we
show a larger mass region (40 GeV < mpy, S 90 GeV) in our cross section plots, and
highlight the surviving regions.

For benchmarks I5 and 110, which — as mentioned — correspond to relic density
below the Planck value, detection limits should be rescaled, leading to the (relic density

dependent) limit of:
(Planck

Qm,

O_LUX(

olmm,) < m, ) (2.25)

We ensure this limit is satisfied for all studied points. The detailed analysis of astrophysical
signals in benchmarks I5 and 110 is beyond the scope of this paper. However, for all
masses in these benchmarks, relic density is within 10%-90% of the observed relic density.
The missing relic density can be easily augmented by late-stage decays of an additional
particle. The natural candidate here for the completion of the model would be a heavy
right handed neutrino in the same vein as the scotogenic model [5], which would decay into
DM after the thermal freeze-out of DM and bring back the under-abundant DM relic into
the observed range.

Finally, we take into account collider data from LEP and the LHC (including the Higgs
total decay width [18], Higgs invisible decays [19], direct searches for additional scalars and
the Branching Ratio (BR) for h — 7~ [19]), as discussed in [10-12]. In all cases, the mass
splittings are large enough not to influence the decay widths of the weak gauge bosons,
forbidding the on-shell decays Z — Hj2A; 2 and W+ - Hli’QHl,g/ALQ.

If the Higgs-DM coupling is small enough, i.e., gnm, g1 S 0.02, then both the Higgs
invisible decay BR, and Higgs total decay width are in agreement with measured values.



For benchmark scenario A50, exclusions obtained from applying the LHC constraints are
similar to those from dedicated DM experiments, excluding mpg, < 53 GeV for a large
Higgs-DM coupling. Benchmarks I5 and 110 are in agreement with these constrains for all
studied masses.

Charged scalars in all cases are significantly heavier and short-lived than the neutral
particles, therefore bounds from long-lived charged particle searches do not apply here. In
all benchmarks, in particular I5 and 110, where all mass splittings are of the order of a few

GeV, all heavier inert particles decay inside the detector.

3 Inert cascade decays

In the model studied here, there is one absolutely stable particle, Hy, as its decays into SM
particles are forbidden by the conservation of the Z, symmetry. By construction, all other
inert particles, which are also odd under the Zs symmetry, are heavier than H; and hence
unstable. The decays of these heavier inert particles may provide striking experimental
signals for the I(2+1)HDM.

Access to the inert sector can be obtained through the SM-like Higgs particle, h, and/or
the massive gauge bosons, Z and W=, with the heavy inert particle subsequently decaying
into Hy and on- or off-shell W+ /Z /v states. In fact, in this model, h can decay into various
pairs of inert particles, leading to different signatures. We will consider here h — HoHy
decays. In such a case, as intimated, we will consider Higgs production at the LHC through
ggF and VBF.

The interesting production and decay patterns may occur both at tree- and loop-level.
In the former case, the colliding protons produce an off-shell gauge boson Z*, which can in
turn give us a Hi A; pair (i = 1,2), followed by the decay of A; into H; Z*) — H, ff. In the
latter case, one would produce a h state decaying into Hy Hy — HyH; f f, via the loop decay
Hs — Hiff. In both cases, one ends up with a K7 ff signature (possibly accompanied
by a resolved forward and/or backward jet in case of VBF and an unresolved one in ggF),
i.e., a di-lepton/di-jet pair, which would generally be captured by the detectors, alongside
missing transverse energy, K7, induced by the DM pair. Here, f = u,d,c,s,b,e, u, 7. For
the cases in which the mass difference ma, — mpy, or mpy, — mp, is small enough (i.e.,
~ 2m,), only the electron-positron signature would emerge, thus leading to the discussed
Electro-Magnetic (EM) shower.

It is important here to notice that the loop decay chain initiated by h — H;Hs is
specific to the I(24+1)HDM case, while the one induced by A; — HyZ™*) may also pertain
to the I(1+1)HDM case. (In fact, neither Hy nor Ay exists in the I(1+1)HDM, unlike
A1.) Moreover, when the decays are non-resonant, there is no way of separating the two
A; (1 =1,2) patterns. In contrast, the extraction and observation of the decay h — Hj Ho
(followed by the loop decay Hy — Hj f f) would represent clear evidence of the 1(2+1)HDM.

In the upcoming subsections, we will discuss the aforementioned tree- and loop-level
decay modes of inert states into the DM candidate in all generality, then we will dwell on
the features of the K7 f f signature.



Figure 1. Tree-level decays of heavy inert states into H; and on-shell or off-shell Z, W+ and h
bosons.

3.1 Tree-level decays of heavy inert states

CP-odd and charged scalars can decay at tree-level into a lighter inert particle in association
with a real(virtual) gauge boson W= or Z(). Assuming the mass ordering M, <
MAL, < Mgk, the following tree-level decays appear (only diagrams with H; in the final

state are shown in figure 1, diagrams (A) and (B)):
A;— ZWH;, HEf =W, HE S wWEA (4,5=1,2). (3.1)

The leptonic decays(splittings) of real(virtual) massive gauge bosons will result in f f pairs
for Z®) and ff for W*®*). The above processes are governed by the gauge couplings
and therefore lead to small decay widths, of order 1072-10~% GeV, of heavy inert particles.
However, these decay widths could grow if the mass splitting between H; and other particles
is large. Note that, even if all particle masses are relatively close (of the order of 1 GeV),
they all still decay inside the detector.

The heavy CP-even scalar, Ho, cannot couple to H; through Z®*), since CP symmetry
is conserved in our model. It can decay into the H; particle plus a Higgs boson (diagram
(C) in figure 1), which will then decay via the established SM patterns. Depending on
the mass splitting between H; and Ho, the Higgs particle can be highly off-shell (recall
that its SM-like nature requires its width to be around 4 MeV), thus leading to a relatively
small decay width of Hs and its relatively long lifetime. However, in all studied points,
this width is not smaller than 10~'! GeV, ensuring the decay of Hs inside the detector.’

Therefore, the H; is the only truly invisible dark particle in the benchmark scenarios
we consider in the I(24+1)HDM.

3.2 Loop-level decays of heavy inert states

Apart from the above tree-level decays there is also the possibility of loop-mediated ones
for a heavy neutral inert particle, denoted in figure 2 as Hs, into the lightest inert state,
Hj, and a virtual photon, which then would split into a light ff pair.6

The corresponding loops go through triangle and bubble diagrams with HZjE and W+
entering, see figures 3—4. Note that there are also box diagrams which contribute to the

5Notice that the last diagram in the discussed figure is the one enabling the h — H; Hy decay that we
discussed previously.

5Details of the calculation of the complete Hy — H; ff decay, including all topologies, will be presented
in section 4.



Figure 2. Radiative decay of the heavy neutral particle Hy — Hyv* — Hff.

process Hy — Hyff, presented in figure 5. Here, the ff pair is produced through the
SM gauge-fermion tree-level vertices, without producing an intermediate off-shell photon.
The corresponding topologies also see the contribution of inert, both charged and neutral
(pseudo)scalars. However, due to the mass suppression, the contribution from the box
diagrams is small, of order 10%, and it leaves the results practically unaffected. For reasons
of optimisation then, we do not show the results of these box diagrams in the numerical
scans and we may refer to this one-loop process as a radiative decay.

Before moving on to study the latter, we would like to stress at this point that one
could attempt constructing analogous diagrams to those in figures 3—4 with Hs replaced by
Aj or As, leading to A; — Hi1v*,i = 1,2. Notice, however, that this decay would lead to
a CPV process, while the model we analyse here is explicitly CPC. Indeed, further notice
that spin conservation requires that it is only the scalar polarisation of the virtual photon
that contributes to the Hy — Hy~* transition. To check the correctness of the calculations
we have explicitly verified this to be the case, as there are cancellations between diagrams
that lead to the amplitude being equal to zero otherwise, as discussed in section 4. Also
note that the process A; — H1Z* does exist at tree-level in both the I(2+1)HDM (for
i =1,2) and I(1+1)HDM (for i = 1) and contributes to the E7 ff signature, as discussed
previously. However, in the interesting regions of the parameter space where the invariant
mass of the ff pair is small, i.e., < my, this process is sub-dominant.

In short, the only (effective) loop-level decay to consider is

Hy — Hw* (3'2)

and this does not exist in the I(1+1)HDM, as CP-conservation prevents the only possibly
similar radiative decay in its inert sector (i.e., Ay — H17v*). Therefore, as intimated, this
signature can be used to distinguish between the I(14+1)HDM and models with extended
inert sectors, such as the I(24+1)HDM.

3.3 The Er ff signature at the LHC

In this subsection, we focus on the possible sources of the aforementioned specific signa-
ture that can arise in the I(24+1)HDM, namely, missing transverse energy and a fermion-
antifermion pair, K7 ff. This final state can be produced both at tree-level and through
one-loop decays, as previously explained. We dwell further on this here.

The first mechanism is related to decays of the SM-like Higgs particle which is pro-
duced, e.g., through ggF. The hgg effective vertex is identical to that in the SM, as the
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(A) (B)

Figure 3. Triangle diagrams contributing to the Hy — H;~v* decay, where the lightest inert
is absolutely stable and hence invisible, while v* is a virtual photon that couples to fermion-
antifermion pairs. Analogous diagrams cannot be constructed if the initial particle is A; or As.

+
H,

Figure 4. Bubble diagrams contributing to the Hy — H1~* decay, where the lightest inert particle
is absolutely stable and hence invisible, while +* is a virtual photon that couples to fermion-
antifermion pairs. Analogous diagrams cannot be constructed if the initial particle is A; or As.

Figure 5. Box diagrams contributing to Hy — Hyff.
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Figure 6. The ggF-induced production of the SM-like Higgs particle at the LHC with its decay
into inert particles, denoted as S; and S;.

gauge and fermionic sectors in the I(24+1)HDM are not modified with respect to the SM.
The Higgs particle can then decay into a pair of neutral or charged inert particles, denoted
in figure 6 by S; ;. Depending on the masses of S;;, these particles can further decay,
providing various final states.
In the CPC I(2+1)HDM, a process contributing to the E7ff signature (and one of
our signals) is
g9 —h — HHy — H1H1’y* — HlHlffT, (3.3)

where the off-shell v* splits into ff and the H; states escape detection.”

Notice that there is also a tree-level h decay into two charged scalars with the same sig-
nature (E7 ff), albeit not an identical final state (the two would remain indistinguishable
though), following the pattern:

g9 = h— HEHE - HHHWTOW-0 & HiH Ty~ (i =1,2), (3.4)

where the neutrinos escape detection as (additional) F7.

The process in (3.3) is loop mediated and depends on g, m,h, a coupling affecting also
DM relic density. Therefore, if this coupling is small, the whole process is suppressed. How-
ever, we shall maximise this coupling, while maintaining consistency with DM constraints.
We also assume a mass spectrum so that the charged Higgs masses entering the loops are
not too heavy, since their large masses would also suppress the loop. In fact, we shall
see that there can be parameter configurations for which mg, + mg, < mp, so that SM-
like Higgs production and (loop) decay is resonant, thereby benefiting of an enhancement
of O(1/agm). The process in (3.4) is a tree-level one, therefore potentially competitive.
However, for the parameter space of interest, maximising the yield of the loop process, this
mode becomes negligible, for two reasons: on the one hand, the charged Higgs masses are
generally heavy so that there can be no resonant h involved while, on the other hand, the
Iu*H*h coupling is generally small.

In principle, there is another tree-level signal inducing the 7 ff final state in our
scenario,

qG — Z* - HHH\Z — H\H\ ff, (3.5)

"A detailed analysis of the tree-level SM background, gg — h — W W~ — vt~ to this process is
postponed to a future publication.
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(A) (B) (©)
Figure 7. Diagrams leading to the K7 ff final state via the Hy H; Z(*) intermediate stage.

see diagrams (A) and (B) in figure 7, induced by quark-antiquark annihilation and proceed-
ing via an s-channel off-shell (primary) Z*, wherein the on-shell (secondary) Z eventually
decays into an ff pair. However, this is of no concern here. The reason is twofold. On
the one hand, as explained, the region of parameter space over which process (3.3) is inter-
esting for LHC phenomenology is the one where the gp, g, strength is maximal and A is
possibly resonant: this is when the DM relic density sees a large contribution from HiHo
co-annihilation processes,® which in turn means that large gg, g, (possibly in presence
of a resonant h) and gm, fr, zz couplings are forbidden by such data, so that process (3.5)
becomes uninteresting at the LHC. On the other hand, in our construct, process (3.5) is
nothing more than a subleading contribution to the invisible Higgs signature of the SM-
like Higgs boson (dominated by ggF and VBF topologies, extensively studied already in
ref. [13]), rather featureless, in fact, as it does not catch any of the heavy scalar states
of the model, unlike reaction (3.3), which is sensitive to all of them, so that one could
study the kinematic distributions of the final state attempting to extract their masses by
isolating the corresponding thresholds entering the loops.? For these reasons, we will not
discuss these two topologies any further.

Another way of obtaining exactly the HH;ff final state is shown in graph (C) of
figure 7, again produced through s-channel quark-antiquark annihilation into a virtual
neutral massive gauge boson, i.e.,

7 — Z° — H\Ay — HHH ZY — HiH ff  (i=1,2), (3.6)

wherein the DM candidate is produced in association with a pseudoscalar state and the Z
may be off-shell. This mode is indeed competitive with the one in (3.3) over the region of
I(24+1)HDM parameter space of interest, so we will extensively dwell with it numerically
in the remainder of the paper. Further, diagram (C) in figure 7, unlike graphs (A) and

8This is further enhanced when m H, =~ mm,, which is in fact one of the conditions that we will use in
the forthcoming analysis to exalt process (3.3) (which is I(2+1)HDM specific) against the one (also existing
in the I(1+1)HDM) that we will be discussing next.

In this sense, process (3.5) would be a background to (3.3), which can be easily removed through a
mass veto: my g #*mg.
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Figure 8. Diagrams leading to the £ + ff final state via VBF topologies.

(B) herein, because of its heavy pseudoscalar components, may also be isolated in the
aforementioned kinematic analysis.

Finally, we conclude this subsection by listing, in figure 8 (prior to the Hy — Hyff
decay), the topologies entering VBF production contributing to the E7 ff final state (our
second signal) via

4iq; — qeqH1Ho — HiH\y* — HiH1 f f, (3.7)

where ¢; i represents a(n) (anti)quark of any possible flavour (except a top quark).
Here, two aspects are worth noticing. Firstly, there is the additional presence of two
forward /backward jets, which may or may not be tagged (we will treat them inclusively).
Secondly, not all diagrams proceed via h — HjHs induced topologies, graph (A), hence
unlike the case of ggF, since graphs (B) and (C) are also possible. Clearly, the first diagram
dominates when h can resonate while the last two become competitive otherwise. We shall
see how ggF and VBF will compete over the I(2+1)HDM parameter space of interest in
being the carrier of its hallmark signature E7 ff in a later section.

4 Calculation

In this section, we discuss the details of our calculation. In fact, the case of the channel
in (3.6) is easily dealt with, as this is a tree-level process, which we computed numerically
using CalcHEP [20]. The bulk of our effort was concentrated upon the loop processes (3.3)
and (3.7), which we have tackled in factorised form, i.e., by breaking up the two channels
into pp — HyH,X production followed by the Hy — H;ff decay. Here, the ggF and
VBF topologies entering at production level are well known in the literature, so we do not
discuss them (again, we computed these numerically by exploiting CalcHEP). We therefore
address in some detail only the case of the loop decay.

This is expressed through a tensor structure appropriate to the I(2+1)HDM particle
spectrum and illustrated for the case f = e, so that we can safely take m, = 0.!° In
general, there are two types of one-loop diagrams that contribute to the process

Hy(ps) = Hi(p2)v*(p3 — p2) — Hi(p2)e (k1)et (k2),

%The case f = u,d, c, s, u, 7 with my # 0 is a straightfoward extension of it.
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namely, those embedding the one-loop effective vertex HsH1v*, given by the diagrams in
figures 3-4 plus the box diagrams shown in figure 5. Here, the labels p; and k; iden-
tify the external scalar and fermion momenta, respectively. In the following, we use the
unitary gauge.

The calculation below is done for the pair of CP-even dark particles Hy and Hy, how-
ever, all results hold for CP-odd neutral dark particles as well, i.e., A2 and A, following sim-
ple replacements of masses, mp, — my,, and relevant vertex coeflicients, gm, xv — g4,xv-

The general expression for the amplitude of the loop calculation is:

M = iev(k:l)vl/u(k@)(pﬁ“;ﬁ[jq(m + p2)" + B(ps — p2)"], (4.1)
where
i[A(ps + p2)"* + B(ps — p2)"] (4.2)

is the general structure of the vertex HijHyv* obtained in the calculation at one-loop level.
However, when we consider the term (p3 — p2)” and contract it with +*g,, we have:

Py — Py =K1 — Ko (4.3)

Then the Dirac equation in the limit of m. = 0 gives us:

(k1) (P — Py ulka) = v(k1)(Fy + Ko)u(kz) = 0. (4.4)

Under these circumstances, we can take

(p3 —p2)u =0,

which is the same as if the v were on-shell in the process Hy — H17, albeit (p3 — p2)? is
noN-zero:

(p3 — p2)® = (k1 + k2)* = 2k1 - ky. (4.5)

Therefore, the general structure of the amplitude is:

M = iev(kl)v”u(b)@ﬁ“;z)g[fl(pz ), (4.6)

where A(ps + p2)* is related to the contribution of the each diagram in figures 3, 4 and 5:

A(ps +p2)* = Mup = > MY, (4.7)
where 7 runs across all diagrams.

4.1 Individual contributions to Hy — H ff

There are six of these, five for the case of the triangle and bubble diagrams of figures 3—4
plus two cumulative ones for the box diagrams shown in figure 5.

HUltraviolet renormalisation is implictly performed for the former.
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e The first contribution, M,Sl), comes from a diagram with two charged scalars HZjE
(i = 1,2) and one W in the loop, given by diagram (A) in figure 3:

2
(&
M (g iy mir) = L AEmD (myge m, miy mp),  (48)
where
Q k> kP
0 1 drk (k+2p3)a(2k + p3 + p2)u(k + 2p2)g [g A — W} (4.9)
B 1672 '

o ko2 = ] [+ = ] 12— iy

and mpy= (i = 1,2) are the masses of the charged scalars, my, is the mass of the
DM candidate and mp, is the mass of the next-to-lightest inert particle Hy. The
A;ts are coefficients related to the vertex structure of the loop diagram whose details
are presented in section 4.2. We define m?, = (p3 — p2)? = (k1 + k2)? = 2k; - ko,
considering the limit m, = 0. Using this tensorial structure we calculate the other
diagrams.

e The tensorial amplitude for the diagram with two W= and one charged scalar HzjE in
the loop, given by diagram (B) in the figure 3, is:

M 2)(mHii,mW,m%2,mHi) = —gA»im@)(mH?mw,m%Q,mHi) (4.10)

with

My

210" 12 =m2 s | [(e—p2) = [ —pg)? —m3, |

7

2 2
m( )(mHli?mWamIZamHi) =

—+ _ B v
' 1672 / (

o (k—p3)P(k—p3)®
x{(k—2p2 +p3)PgMV_ (2k—p3 —p2)ugyp+(k—2p3 +p2)l/9up} {gp - ( Szng,[, ) }
(4.11)

e For the diagram with one HljE and one W* particle in the loop, which is (A) in
figure 4, the tensorial amplitude is
2

e
Mg o i, i) = gTAlimSﬂ) (e, o, My, mug,) (4.12)
where
1 ok (E—p3)a [gaﬁ _ WZM} oo
m,(f’) (mHii7mW7 m%Q, mHl) = 672 / (271—)” : > 2
[(k + p3)? — miy] [(@2 _ mHi}

(4.13)

e For the diagram with two scalars in the loop, i.e., (B) in figure 4, the tensorial
amplitude is:

gze Ai/ d"k (2k+p3—p2)u
o

6472 ) (2m)" [(k+p3—p2)2—m12qi} [kQ—méi}'
' (4.14)

4 2
M )(mHii,mW,mlz,mHi):

However, this last equation is zero because it is an odd function.
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e For diagram (C) in figure 4, with one HzjE and one W= in the loop, the tensorial
amplitude is given by:

2
e
Mlg‘r’)(mHii,mW,m%%mHi) = gTAf[mEf)(mHii,mW,m%Q,mHi) (4.15)
with
« k+p2)® (k+p2)?
. ) 1 'k G [g 6_%} (k—p2)s
m, (mHi,mW,mm,mHi):m 5 5y .
z ™SI (e po)2 - md ] (k)2 m?,
(4.16)
e For the box diagrams with W= in the loop (graphs (B) and (D) in figure 5) we obtain:
4 A% n af
W —box + 9 Az d"k w1 o P Q,up
M) = L5 [ (1 )+ 01 = )uhe) g
(k + p3s + p2)s(k + 2p3)”, (4.17)
where
pob _ [ op  (k+ki+ko)(k+ k1 + kz)ﬁ]
=19 m2 )
w
(F)u(k)p
B ARCYEE
1p 1o m2

Dy =[k+ k)2 [(k+ k1 + ka)? — m3y] [(k +ps)? — mHﬂ (k2 —m2],  (4.18)

The structure of M#%~P% ie., for diagrams with the Z instead of a W (graphs
(A) and (C) in figure 5), is similar, with the replacements (1 — v5) — (Cy — Ca7s)
and my — myz. When one considers the crossed box diagrams, the ultraviolet
divergences cancel. In practice, when performing the loop calculation, one can see
that the contribution of the boxes is not important due to the mass suppression and
contributes to the aforementioned about 10% of the overall calculation. Hence, as
intimated, we shall neglect this from now on.

4.2 Role of the A?:s

The coefficients Afcs, related to the vertex structure of loop diagrams, are the characteristic

features of the model. They are sensitive to the CP properties of the decaying particles and

they can provide us with the information necessary to cancel the ultraviolet divergences.
For the three neutral scalars we define:

A—;Ij,HQ = cos(0. — 0p,) sin(0. — 0y), (4.19)
:If,Al = cos(0, — 6.) cos(0. — 0y), (4.20)
JJLFIl*,Ag = sin(f. — 0,) cos(0. — Oy), (4.21)
E;,Al = sin(0, — 0,.) sin(6. — 6y,), (4.22)
E;’AQ = cos(0, — 6;) sin(6. — 0y), (4.23)
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where 0, . are the inert mixing angles defined in section 2.2. We use the shorthand A;t
where S could be any of the neutral scalars Hs, A1, A2. The following relations

HE,S
hold
A7 = AT = AT, (4.24)
Ay = -Af (4.25)
Ay = —A"=-A]. (4.26)

Despite not being exploited phenomenologically in the remainder of the paper, for
completeness, we also describe here the case A; o = H1v* — H; ete™. In the CP conserving
I(2+1)HDM, one can distinguish the CP-even inert scalar and CP-odd inert scalar in the
diagrams of the figures 3 and 4. When considering the amplitude of any diagram plus its
crossed companion, one obtains the following results:

AF = AF(crossed)  for a CP-even inert scalar, (4.27)

)

AF = —AF(crossed) for a CP-odd inert scalar, (4.28)
and as a consequence

M L + crossed = 2M L for a CP-even scalar inert (4.29)
M ZL + crossed =0 for a CP-odd scalar inert, (4.30)

which is consistent with the observation we made before: CP conservation requires
Ao — Hiv* — Hyete™ to be zero. However, for the box diagrams associated with figure 5,
A9 — Hiete™ decays are possible but their contributions are small. In fact, these decays
could also be mediated at one-loop level by an on- or off-shell Z boson, however, the tree-
level mode Ay — H1Z* — Hiete™ (already discussed) is much larger, which is why we
concerned ourselves with the latter and not the former.

Finally, one can see from (4.25) that AT = — A3, which is crucial for the cancellation
of the ultraviolet divergences. In fact, the total contribution of the one-loop calculation is,
taking account (4.29) and (4.24):

4
M#T(mHi My, Mie, M) 269222 (Af + A7) u)(me’vam%%mHi)- (4.31)
1=1 k=1

Now, taking into account (4.25), we have

4
MMT(mHii LM, Mg, M) = eg? A Z (5m§f) (mHli , mHli) (4.32)
k=1

with
(5m;(f)(mH1i,mHli) = (ml(f)(mH%,mw,m%Q,mHi)—ml(f)(mHQi,mW,m%Q,mHiO. (4.33)

One can see then that ultraviolet divergences cancel perfectly.
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4.3 Partial decay width of Hy — H,ff

When evaluating the tensorial integrals of (4.10)—(4.16), these expressions are reduced in
terms of Passarino-Veltman scalar functions:

5mg€)(mH1i,mH1i) = va(mHii, mW,m%Q,mHl,mHj)(pg + D2) s (4.34)

where Fpy (m g+, mwy, m2,, mp,, my;) is given in appendix A. Then, comparing (4.6), (4.7)
and (4.32), we calculate the factor A:

A= egQAprV(mHii,mW,m%Q,mHl,mHj). (4.35)

One can see that A is a function of the same variables of Fpy and the factor AI“. Besides,
following the notation of [21] for three-body decays, in addition to the variable m?, defined
previously, we also introduce m% = (k; + p2)? = 2k; - pa + m%h (i = 1,2). Taking this into
account, one can obtain the square amplitude (4.6) of the loop process (upon the usual
final state spin summation):

8| A
\M\Q = ma (m%{Q - m§3)(m%3 - m%h) - m%z’mgs . (4.36)
12

Besides, it is convenient to define

N o ) = (G, — )y = )~ iy ). (43)
Then (dropping henceforth the arguments of Fpy) one has

Fpy|?
]./\/l|2 = 8(@292A1F)27| 7 | /\(mHQ,mHl,mgg,). (4.38)
12

In agreement with ref. [21], the partial decay width of Hy — Hie et is:
- 1 /<mH2—mH1>2 y /<m33>mx A s
= — m m . 4.39
2567T3m§{2 0 12 (m23)min 23

From (4.32) and (4.38), one can observe that the one-loop function Fpy contains only the
integration variable m2,, so that we can integrate firstly in the variable m25 in the following

1 2 (mH2—mH1)2 Foy |2
(ngQ(Af)> /0 dm%(’ ;X’ )Ig, (4.40)

16memy, 12

way:

where the integral for m%B is possible to obtain analytically, as

(mg:;)max
Iy(mpy, mu,, m%2) = / dm%?y)‘(mszmhﬁ ) mg:}) = 6m° (4‘41)
(mgg)min
1
sm® = 6 <(m%2 —mH — mHz)(m%Z +mpy, — mH2)
3/2
X (m2y — mpy, +mu,)(miy +mp, —i—'mH2)> . (4.42)

With this result we can do the numerical calculation using the LoopTools library [22].
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4.4 Effective Lagrangian

As it was suggested some years ago [23, 24], one can perform a general study of the discussed
radiative process in a model independent way using the effective Lagrangian technique,
which can parameterise the virtual effects of new physics of a given model. This approach
is mandatory in our case, as we will be implementing the effective HoHieTe™ vertex in
CalcHEP, which is otherwise unable to perform the calculation efficiently if using the exact
formulae from the previous subsection. The effective Lagrangian for the I(2+1)HDM will be
an extension of the SM one [25], following a similar parameterisation to the one used for the
case of the 2HDM, when rare decays of neutral CP-odd [23] and charged Higgs [24] bosons
were implemented in this way. Following these studies, we use SU(2) x U(1) gauge invariant
operators of higher dimension similar to those given in [24]. Adopting this approach, we
can define operators that satisfy all symmetries imposed in our model, in particular the
discrete symmetry Zs. Then the corresponding effective Lagrangian for our model is:

c i
Leg = Li24+1yapM + Z [Z And (O, +he)l, (4.43)

n>6

where Lyo41)upm is the I(2+1)HDM Lagrangian, A is the scale of new physics, the Ois
are the higher dimensional operators and the unknown ¢!, parameters are their dimension-
less Wilson coeflicients, whose order of magnitude can be estimated since gauge invariance
makes it possible to take into account the order of perturbation theory where each oper-
ator can be generated in the fundamental theory [26]. This fact allows us to introduce a
hierarchy among operators, e.g., when the operators are generated at one-loop level, they
must be suppressed by the loop factor (47)~2. Using this method, we can study the generic
structure of any process.

With the knowledge that the box diagrams and the tree-level diagrams with the off-
shell Z are sub-dominant, we consider the effective coefficient of the vertex HoHiete™. In
practice, we can implement such a vertex in the effective Lagrangian as follows:

G o[ _ . =
Legt = Liz4nupm + 2 (Z(¢ZDM¢i)6R7#6R + (6] Dugi) I L

+ (¢! D7) Iy O L+ ¢1¢ZE¢3@R> +he +... (4.44)

where A > v and ¢; can be estimated given the order of perturbation theory [25]. In our
model, for the full process Hy — Hiete™, we must consider the following for the coefficient
¢;: (i) as the process is generated at one-loop level, it must be suppressed by the loop factor
(47)~2; (ii) the order in the perturbation theory is proportional to e2g?, (see (4.38)). A
good approximation is, therefore, ¢; o< e?¢g?/(4m)2. The first and second operators then
induce the structure of the loop calculation stemming from the diagrams of figures 3-4
while the following operators relate to the structure of the diagrams given in figure 5.
Given the effective Lagrangian, we can induce the effective vertex HoHiete™ as:

2 .
_c1v° sin 0}, cos 0, B
L(Hnge“'e—) =1 A2 (Hlaqu - Hgaqu)e'y“e

= zK(Hﬁqu — Hg@qu)éfy”e. (445)
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In this framework, the Wilson coeflicient ¢; contains information of the parameters of
the Higgs potential of the model, in particular of the mixing angle of the charged sector,
which is consistent with the amplitude of loop calculations (see (4.25), (4.32)). The Wilson
coefficient to this order does not depend on the variables m3, and m3; of (4.39), and in
principle ¢; behaves like a constant in the eyes of these integration variables. In particular,
a1 = e2g?/(4m) f(my+,0:)(v/A)?, where f(my+,6.) is a function of the charged Higgs
masses and their mixiﬁg angle [24, 27|, and the scale of new physics A could in general be
of order 1 TeV or the energy necessary at the LHC experiments to detect the DM candidate.

Now, we can define the effective coefficient K as

K = 6292/(47T)2(U/A)2f(mHij: ,0c) sin 0y, cos 6y, (4.46)

which we have implemented in CalcHEP as an effective vertex HoHiee™ in the following
way:
9H,Hyete— = iK(p1 +p2),ﬂ“~ (4.47)

In order to relate the K-factor with all numerical results of the previous sections and
taking into account the discusion of the Wilson coefficients, we calculate the amplitude of
the process Hy — Hyie~e™ using the effective vertex in (4.47), which is given by

M = iKv(k1)v" (ps + p2)pu(kz) (4.48)
so that the amplitude squared is
|M|? = 8| K|*X(mp,, mp, , m3s). (4.49)

Thus, the partial decay rate of the Ho — Hie e™ channel, in terms of the K-factor, is

r 1 /(mHzmH1)2 p ) /(m§3)max d 9 |M’2 (4 O)
= — m m )
2567r3m%,2 0 12 (m23)min 23
1 (mH27mHl)2 1
= _|K]? dm?, Iy = ———|K|*I3, 4.51
167r3m?;12‘ | /0 1272 167T3m§{2‘ e (4.51)

where I3 is given by

(mH2 _mH1)2
I3 = / dm?, 1. (4.52)
0
The K-factor is therefore given by

1673m?3, T'(Hy — Hyete™
K? = i, 12 1e7e”) (4.53)
3

where the width T'(Hy — Hje'e™) is calculated using LoopTools. Thus, the K-factor is
related directly to the loop calculation through (4.53). Using this method, we are able
to use CalcHEP, since we no longer need to perform any integration externally to the
generator itself, as required by the fully fledged computation performed in the previous
subsection, thereby by-passing the fact that CalcHEP is actually a tree-level generator.
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In order to complete the study of the decay process Hy — Hiete™, it is necessary
to compare the ete™ mode with the others possible final states, Hy — Hiff where
f=u,d,c,s,b,u, 7. Given the effective Lagrangian in (4.44), one can obtain the con-
tribution of the fermions via the following operators:

C; A _ . N
Left = Liz4nupm + e <Z(¢1Du¢i)qm“q3 + (¢ D) Q" Qs

+ (¢ Dur6:) QE T QL + ¢l i Qrobsbr + ¢l i Qrobs tR> +he+...  (4.54)

in agreement with the general structure of the loop calculation, giving the general expres-
sion to be

M =iev(ky) (A(g3 + k) + (B+C(ps + ) PL+ (D + E(ps +g§))PR>u(k2), (4.55)

where A, B, C, D and E are form factors associated with the loop structure. This structure
helps us to calculate all the aforementioned form factors, taking in account all the contri-
butions of the boxes (factors B,C,D and E) and triangles (factor A given in (4.35)) in
the loops. One can then calculate each form factor separately as they are all individually
convergent. Finally, notice that in the channel Hy — Hbb the mass of the top quark
appears in the boxes: while this makes the calculation more cumbersome, the mass effects
do not contribute significantly to the yield of the total rate. Besides, in the approximation
me = 0, the factors B, C, D are zero and the factor E is small. In appendix B we show the
complete expressions of the factors associated with the box diagrams of figure 5.

5 Results

The benchmark scenarios that we study here do not necessarily correspond to regions of
the parameter space where our DM candidate accounts for all the observed relic density
in agreement with Planck data. In fact, the aim of these benchmark scenarios is to show
in which regions of the parameter space the model has a discovery potential at the LHC.
Following the discussion in section 2.3, we define three base benchmark scenarios, A50, I5
and I10 in the low DM mass region (mpg, < 90GeV) as shown in table 1.

The main distinguishing parameter here is the mass splitting between H; and the other
CP-even scalar, Hy. Benchmark A50 (mpy, — mpg, = 50 GeV) is taken from the analysis
done in [10]. Relatively large mass splittings between H; and other neutral scalars leads
to a standard DM annihilation in the Universe, providing us with a DM candidate which
is in agreement with DM searches for a large part of the parameter space. However, we
expect the tree-level decays to dominate over the loop signal through H; A;Z vertex.

Benchmarks I5 (mpg, — mg, = 5GeV) and 110 (mpy, — mg, = 10GeV) have an inter-
mediate mass splitting between H; and Hs of the order of a few GeV. As mentioned in
section 2.4, this influences the thermal history of DM, due to the appearance of coannihi-
lation channels.

For the I benchmarks, we expect the tree-level decays to be reduced, since there is a
small mass gap between H; and A; . Therefore, the intermediate gauge boson is produced

- 292 —



Benchmark | mpy, — mp, | ma, — mmy, | ma, — mu, My =M, | Myt — M,
A50 50 75 125 75 125
I5 5 10 15 90 95
110 10 20 30 90 100

Table 1. Definition of benchmark scenarios with the mass splittings shown in GeV.

off-shell. Further decreasing of the Hi-Hy and Hi-A1 2 mass splittings,'? leads to strength-
Note,
however, that with increasing the mass splitting, the loop process acquires more phase

ening of the desired loop signal, with further reduction of all tree-level decays.

space and starts seeing the Z* — [l contribution and the partial width grows as a result.

In all cases, differences between mpg, and masses of both charged scalars are rela-
tively large. This leads to important consequences for the thermal history of DM particles:
charged scalars are short-lived and they will not take part in the freeze-out process of Hi.
However, this mass difference is not big enough to suppress the studied loop processes.
Increasing this mass difference would lead to a smaller cross-section and, therefore, worse
detection prospects. We would also like to stress that the all chosen mass splittings are
in agreement with EWPT constraints, which disfavour a significant discrepancy between
masses of charged and neutral particles. On the other hand, a significant reduction of
this mass splitting would increase the coannihilation effect in the Universe, hence lead-
ing to heavily reduced relic density, and thus disfavouring the 3HDM as the model for
Dark Matter.

Figures 9-11 show the anatomy of the given scenarios, which include not only the
cross sections for leptonic (E7I71~) and hadronic (E7qq) final states, but also the relevant
couplings in each case with the same colour coding. The Higgs-DM coupling is also shown
for reference.

For each benchmark scenario, we calculate the cross section for three processes, namely,
the ggF process (3.3), the tree-level process (3.6) and the VBF process (3.7) and present
the dominant couplings entering in each case.

Let us first focus on scenario A50 presented in figure 9, which has two special features.
First, mass splittings between H; and other inert particles are relatively large, as well as
the main couplings (in particular the gz, 4,), which leads to large tree-level Z-mediated
cross sections (the blue curve). Second, the Higgs-DM coupling, gpr, m,, is chosen such
To fulfil that,
around the Higgs resonance the coupling needs to be very small, of the order of 10~* [10].

that the relic density is in exact agreement with Planck measurements.

As the gpp, g, coupling is closely related to gnm, 1, , we observe a sudden dip for the orange
curve (gnm, H,), which then leads to a reduced cross section for the ggF processes, driven
by that particular coupling. We also observe that the cross section for the VBF processes,
which depend mainly on large mass splittings and relatively constant gauge couplings, are
as expected relatively constant for this benchmark.

20ne needs to take extra care with very small mass splittings, as they might lead to a large particle
lifetime which will cause the particle to decay outside the detector.
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Figure 9. The anatomy of scenario A50. The plots on the top show the cross sections of the
tree-level, ggF and VBF processes with leptonic (left) and hadronic (right) final states. The red
regions are ruled out by LHC (mpy < 53 GeV) and by direct detection (mpys > 73GeV). At
the bottom we show the dominant couplings in each process with the same color coding where the
Higgs-DM coupling is shown for reference. Note that the gnrr, 7, appears with the K-factor in the

cross section calculations.
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Figure 10. The anatomy of scenario I5. The plots on the top show the cross sections of the tree-
level, ggF and VBF processes with leptonic (left) and hadronic (right) final states. At the bottom
we show the dominant couplings in each process in Log scale with the same color coding where the
Higgs-DM coupling is shown for reference. Note that the gnrr, 7, appears with the K-factor in the

cross section calculations.

_94 —



3 104 ¢

o tree-level ro% . o tree-level
I
ggF S ggF
VBF 1078 VBF
40 50 60 70 80 90 40 50 60 70 80 90
mpm(GeV) mpm(GeV)
Scenario 110
1 L
— |gzH1a1?| (tree level)
0.100 1
[9nH1H2] (99F)
0.010¢ — |9zH1A1*gzi2n1| (neutral VBF)
0.001 | [9w* H1- H1*gw-H1+ H2| (charged VBF)
— |ghDM*Ghzz]
1074 ¢
50 60 70 80 50 Mom [GeV]

Figure 11. The anatomy of scenario I10. The plots on the top show the cross sections of the tree-
level, ggF and VBF processes with leptonic (left) and hadronic (right) final states. At the bottom
we show the dominant couplings in each process in Log scale with the same color coding where the
Higgs-DM coupling is shown for reference. Note that the gnm, i, appears with the K-factor in the
cross section calculations.

Scenario I5, shown in figure 10, differs from the scenario A50 above. Here, the mass
splittings are much smaller, but also the Higgs-DM coupling is set to a constant value
for all masses, as seen in figure 10. This makes the phase space structure more visible.
For mp, < my/2 all cross sections are roughly constant, with the ggF processes enhanced
through the resonant Higgs production. However, after crossing the Higgs resonance region,
with no increase of the Higgs-DM coupling to compensate for that, we observe a rapid
decrease of the value of the cross section. For larger masses the cross section are too small
to be observed for the current LHC luminosity.

Very similar behaviour is present for scenario 110 depicted in figure 11, where, similarly
to scenario 15, the Higgs-DM coupling is set to a constant value for all masses. Again we
observe the almost constant cross sections, which are rapidly reduced after we cross the
Higgs threshold.

In tables 2-4, we show the BR of Hy — H; ff for any ff pair, whose production the
mp, — mp, mass splitting allows for, for an exemplary value of mpy = 54 GeV. For each
decay channel, we also show the cross section value (in pb units) for all three discussed
processes, the tree-level background as well as the ggF and VBF cross-sections for Higgs
h production times the respective branching ratio for h — H1Hy — H1H1 f f . The cross-
section for h production and decay into two charged scalars for mpy = 54 GeV is very
small as shown in table 5.
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Decay channels | BR(Hy — H1X) | tree-level ggF VBF
Hy — bbH, 1.88e-01 2.49e-03 | 1.18e-07 | 2.05e-06
Hy — ssH; 2.00e-01 1.97e-03 | 1.26e-07 | 2.19e-06
Hy — ccH;q 2.00e-01 3.94e-03 | 1.26e-07 | 2.19e-06
Hy — ddH, 2.00e-01 3.54e-03 | 1.26e-07 | 2.19e-06
Hy — uuH, 2.00e-01 1.97e-03 | 1.26e-07 | 2.19e-06
Hy — 777 Hy 6.56e-02 8.09e-04 | 4.13e-08 | 7.15e-07
Hy — ptp Hy 6.69e-02 8.22e-04 | 4.21e-08 | 7.29e-07
Hy — ete™Hy 6.69e-02 1.34e-03 | 4.21e-08 | 7.29e-07
Table 2. BR and cross sections (in pb units) for different processes for mpy = 54 GeV in
scenario A50.
Decay channels | BR(Hs — H1 X)) | tree-level ggF VBF
Hy — ssHy 2.22e-01 5.71e-03 | 9.70e-04 | 7.93e-06
Hy — ccH, 1.63e-01 1.52e-03 | 7.12e-05 | 5.82e-06
Hy — ddH, 2.28e-01 3.74e-03 | 9.96e-05 | 8.14e-06
Hy — wuH, 2.28e-01 4.80e-03 | 9.96e-05 | 8.14e-06
Hy — 777~ H; 7.55e-03 1.13e-03 | 3.30e-06 | 2.70e-07
Hy — ptp~Hy 7.54e-02 7.47e-04 | 3.30e-05 | 2.69¢-06
Hy — eTe™Hy 7.59e-02 1.73e-03 | 3.32e-05 | 2.71e-06

Table 3. BR and cross section (in pb units) for different processes for mpy =54 GeV in scenario I5.

Decay channels | BR(Hs — H1X) | tree-level ggF VBF
Hy — bbH, 2.69e-02 3.67e-03 | 5.33e-05 | 3.64e-06
Hy — ssH, 2.02e-01 2.27e-02 | 4.00e-04 | 2.74e-05
Hy; — ccH; 1.87e-01 2.46e-03 | 3.70e-04 | 2.53e-05
Hy — ddH, 2.03e-01 3.14e-03 | 4.02e-04 | 2.75e-05
Hy — uuH; 2.03e-01 1.37e-02 | 4.02e-04 | 2.75e-05
Hy — 7777 H; 4.21e-02 1.65e-03 | 8.34e-05 | 5.70e-06
Hy — ptp~ Hy 6.76e-02 1.29e-03 | 1.34e-04 | 9.16e-06
Hy — ete™ Hy 6.77e-02 3.70e-03 | 1.34e-04 | 9.17e-06
Table 4. BR and cross section (in pb units) for different processes for mpy = 54 GeV in
scenario 110.
scenario | cross section (pb)
A50 6.77e-09
15 7.91e-08
110 4.19e-08

Table 5. The background process, h decay into two charged scalars, cross section for mpy =54 GeV.
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6 Conclusion and outlook

In this paper, we have assessed the sensitivity of the LHC to Higgs signals in the E7 ff
channel, f = u,d,c,s,b,e, ju, T, with invariant mass of the ff pair much smaller than the
Z mass. This signature would in fact point towards an underlying SHDM structure of the
Higgs sector, with one active and two inert doublets (so that the scenario can evocatively
be nicknamed as 1(24+1)HDM), induced by the decay Ho — H; ff, where H; represents the
lightest CP-even neutral Higgs state from the inert sector (thereby being a DM candidate)
and Hsy the next-to-lightest one. The decay proceeds via loop diagrams induced by the
propagation of both SM weak gauge bosons (W* and Z) and inert Higgs states (H 13%2 and
A1) in two-, three- and four-point topologies, wherein the leading contribution comes
from the intermediate decay step Ho — Hi1v*, involving a very low mass virtual photon
scalarly polarised, eventually splitting in a collimated ff pair, which would be a distinctive
signature of this Higgs construct. In fact, the corresponding 2HDM version, with one inert
doublet only, i.e., the I(1+1)HDM, contains only one CP-even and only one CP-odd neutral
Higgs state, so that no such a decay is possible owing to CP conservation.

This signature would emerge from SM-like Higgs boson production, most copiously
via ggF and VBF, followed by a primary h — HsH; decay, so that the complete particle
final state is H1H, f f, wherein the two DM candidates would produce missing transverse
energy, accompanied by some hadronic activity in the forward and backward directions,
originating by initial state gluon radiation or (anti)quark remnant jets, respectively, for
ggF and VBF. In fact, amongst the possible fermionic flavours f, the cleanest signature
is afforded by the leptonic ones (f = [), in view of the overwhelming QCD background.
While the muon and tauon cases are the cleanest, the latter being larger than the former
(assuming only leptonic decays of the 7’s), the electron case is potentially the one giving
raise to the most spectacular signal, which, owing to parton distribution imbalances, so
that the h state would be boosted, would appear at detector level as a single EM shower
with substantial £7 surrounding it.

However, there is a substantial tree-level contribution, due to q¢ — Z* H1 H; topologies
(a first one involving single h-strahlung followed by h — Hj H; splitting, a second one via
a Z*Z*HyH, vertex and a third one through A; 2 H; production followed by A; o — H1Z*
decay), which is potentially much larger than the aforementioned loop diagrams, thereby
acting as an intrinsic background. In fact, even though the Z* ought to be significantly
off-shell in its transition to ff pairs to mimic the v* — ff splitting, this can happen
with substantial rates, because of the rather large value of the total Z decay width. It is
therefore clear that the Hy — H; ff signal can only be established in presence of a rather
small mass gap between Ho and Hi. To this effect, we have then defined a few benchmarks
on the I(24+1)HDM parameter space where the mass difference mg, — mp, is taken to
be increasingly small, varying from 50, to 10 to 5 GeV. Correspondingly, we have seen
the relevance of the loop processes growing with respect to the tree-level one, with ggF
dominating VBF, to the point that the former become comparable to the latter for cross
sections and BRs directly testable at Run 2 and/or Run 3 of the LHC. This is particularly
true over the DM mass region observable at the CERN machine, i.e., for small values of
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the DM candidate mass, typically less than my, /2. In this case, the cumulative signal can
be almost within an order of magnitude or so of such an intrinsic background.

Furthermore, other (irreducible) background processes can be present. The first one
is the tree-level h decay into two charged scalars with the same signature (E7 ff), albeit
containing two (invisible) additional neutrinos, which has a very small cross section, as
shown in table 5 for each of our benchmarks for the usual illustrative value of mpy =
54 GeV. A second one is due to gg — h — V'V (via resonant h production) and qqg — V'V
(gauge boson pair production), where VV = WTW™ or ZZ. These two subprocesses
have inclusively very large cross sections, of O(10 pb) (prior to V decays), compared to
our signals, and a significant amount of (differential) kinematical selection ought to be
employed to reduce these noises, which is clearly beyond the scope of this paper. However,
a few handles can be clearly exploited. For the case V = Z, a veto my # myz can always
be adopted. For the case V = W=, a requirement of the kind my < my, combined with
the request of identical lepton flavours, can be used.

We have obtained these results in the presence of up-to-date theoretical and exper-
imental constraints, including amongst the latter those from colliders, DM searches and
cosmological relic density. Therefore, we believe that the advocated discovery channel
might serve as smoking-gun (collider) signature of the I(2+1)HDM, that may enable one
to distinguish it from the I(14+1)HDM case, in a few years to come. In fact, once this signal
is established and some knowledge of the Hs and H; masses gained, the latter can be used
to extract additional manifestations of the prevalent Ho — Hi~v* decay, by considering the
selection of additional splittings v* — ff, where f can be identified with ¢ = u,d, ¢, s,b,
depending upon the relative value of my, —my, and 2my. Finally, in reaching these conclu-
sions, we emphasise that we have done a complete one-loop calculation of the Hy — Hiff
decay process, including all topologies entering through the same perturbative order, i.e.,
not only those proceeding via Hy — Hi1~v* — Hy ff, which was never attempted before, so
that we have collected the relevant formulae in this paper for future use.

In conclusion, the SHDM with two inert doublets, provides a well motivated dark
matter model with distinctive LHC signatures in certain regions of parameter space arising
from novel Higgs decays, the most spectacular being e*e~ + E7 mono-shower.
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A The Passarino-Veltman functions, Fpvy

In this appendix, we present detailed formulae for the functions Fpy in a useful shorthand
notation. In order to describe the cancellations of the ultraviolet divergences we first define
the differences of scalar functions Bps and Cys in the following way:'3

ABgpea = Bolmg, my, mg) — Bo[mg, mg, mg), (A1)
AB, ., = Bolmy m,m2] — Bolmdy, md, ], (A2)
ABg,m§2,b,c,d = By [mz, mg, mz] — By [m%% mz, mfl], (A.3)
ABgea = Bolmg, mg, mg) — Bolmj, mg, mg), (A4)
Cap = Colmiy, miy, , my,, my, my, my). (A.5)

01y = miy, £miy, (A.6)
5, = (mhy £ 07), (A7)
and, for : =1, 2,
6, = (miy, £ miy), (A.8)
5}{; = (miy — 6y —0; — QW?{;), (A.9)
5;}; = (2mi, — &7 6m§{iﬂ:), (A.11)
Oy = (=mia +0f — 2mjs), (A.12)
Ofpe = Mgy, —mys, (A.13)
O = Mg, — My (A.14)
We then define (i = 1, 2)
£ =mipdfo3d,, . (A.15)
fr2 = 4miymiy (2miymiy + 67 05), (A.16)
Ji = (61 405 = mi=)miamys, (A.17)
which are used in the followings functions:
fpvl :f+*AB}‘IQ,H#,H;,W—F']C?*AB;117H2i,H1i,W7 (A18)
fev, = fi2 *AB,%“%H;,H%, (A.19)
FBY = (—1) fex <m%2(AB?12,m§2,H3E,W,W+AB§{1,m§2,H},W,W)+4m%’VABfn§2,W,Hf
— A R4
+512ABH2’H1’HZ¢7W>, (A.20)

13We use a similar notation to that of the one-loop calculation found in [28].
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fPVg :fPB\917 (A21)

fPV4 :fPB\927 (A22)
5y, = (—1)"2miymiy 6}, (—miy 07 . +65:0 +m§V)CHii7W, (A.23)

§2 = (~1)im?3, <2m%/5§’{ii —m@a;;f 5% 5;‘;} +miy (mig+miy (2m§{ii —5875)
+2(mjl-_h — 2m§{ii 5y — 4m%11 quz +m‘}{2 +6m§¢ )
iy (g (= (g, +mip, —2mi 2 ) +miy (3, +2miy miy, +3miy, —8my,.)

3

3

(o, iy, —2m ) (i, 55_3m§,1m§12+m§,2_mgi>>+4mﬁv>

X CW,HS:’ (A.24)
fPVs :flg\}'lv (A25)
fPV6 :flg\ll27 (A26)
fPV7 :qu\Q/N (A27)
fove = f5v, (A.28)

AME=8 <m%2 —(mu, +mH2)2) (mfg —(mm, mH2)2> m%v. (A.29)
With these definitions, we can write the function Fpy as:
>3 fev,
==t A.
Fpv NS (A.30)

B The functions of the box diagrams

Firstly, we define the following Passarino-Veltman functions which can obtained in the
FeynCalc package [29]:

Do = Do (m%,m%,m%l,m%b,m%g, mi, m%v,m?,m%v,mg) (B.1)

Dly,q = Do (miy, my, m3, miy,, my, miy, ,miy, miy, m;, me) (B-2)

PaVe(| 3.4.q4) = PaVe (1, {mg, m2, mZ} , {mg, m3, m%,v}) (B.3)
Dyj.a2) = PaVe (z’, {m%z, mi, m2, m%b,mg, m%l} ) {m%v, miy,ms, mi} ) (B.4)
PaVe(; ;) = PaVe <z’, {m%Q, mfgl,m%b} , {m%v, miy, mi} > (B.5)
Clye = Co (m%Q,m%ﬁ,mﬁh,mZ,mZ,mi) (B.6)

CQCMU = CU (mg’ m%i’)’ m%ﬁ ) m%/V? mgv mi) (B?)

Cgﬂ?»y = CO (mga mgv m%Q? mi? mg/a mi) (BS)
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We show the factors for diagrams (B) and (D) of figure 5. For diagrams (A) and (C),
one can obtain similar factors by replacing (m; — mp, my — myz) and multiplying by
(Ca + Cy)?/2 inside B,C, D and E defined below.

my 2 2 9 9 )

- 12(D(23,H1i) _D(23,H2i))m12/V (—m§3 +m§+m%{2) (_m%/V_m%h +m§12>
+12C1 4y ) (m%v +m, —milli) miy —1202(, ;+ymy, (m%v—m%,z +m§11i)
+6PaVe, =) (m%v—km%h _miflil) (m%v +m3y, _m§1’1i>

2,2 2 2 2,2, .2 2 2 2 2 2
+6PaVer 12.4.¢,w) <m12mt +2mi3my —2mymy +myymy —mi, my MMy

_Qm%m%,v> +6PaVe(1 p,12,w,1) ( (—2m§3 —|—mt2—|—2m§h) miy —i—mfm?{z —mfquli>

4 22 2 2 2 2 2 2, 92 2 2 2
+6C3(w,1) <2mW—mt myy —2myy, mW—|—2mHli My +M7yMm; +moz3my —mym;

2 2 2 2 2 2 2 2 2 2
—mth1i> +6PaVe(1 12,6.,w) ( (m12 _2mb) my, + (m23 +my —myy _mH1i> mp

(i =2y ) (o iy~ -y

1
12080 (i =y ) iy =2y ) oy ==y )

2 4 2 2 2,2 2 2 2 2 4 4
—12D(137H1i)mw(mw—2m23mW—mth—|—2mH1mW+2mH2mW—mH2—mHli
2,2 2,2 2 2 2 2 2 2
7mth1+mth1i +2mH2mH1i +mj, (3mW+mH1 —mHli)
2 2 2 2 2 .4 2 4 2,4
+m7is (—3mW +miy, —mHli) ) +6D(2’23’Hf:) (4m12mw+2m23mw +m;myy,

2 4 2,2 2 2,2 2 2 2 2 2,4
—4mH2mW—|—2m23mH2mW+mth2mW—2m23mHlimW+mthli

2,2 2 2,2 2 2 2 2 2 2 2
—2mth1imW—mth2mHli+(mt —2mW) mi, (mW+mH2_mHli)

+mj (m%v +m%,2 —millil) (—3m%,v —mZH1 +m§{1i) )

+6PaVe (2, {m%,m%,m%z} , {m%v,mf,m%[,}) ( (m%,v—quz —I—milli) m%
—2m3smiy, +m?m%v+2m%,vm%ﬁ —mem?q2 —m?mzli)

FOD 0 -+ ey Py — iy oy 2 iy

2,2 2 2 2 2 2,2 2 2, 4
+mth2mW—2m23mHlimW—2mth1imW—|—mthli

2.2 2
M, My
2,2 2 2 2 2 2
+my, (mW—i-mHz—mHi) (_3mw_mH1+mHi1>
1 1

2 4 2,2 2,2 2,2
+mi, (—4mW+mth—|—mth2—mthli)>
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_6D(1723,H1i) <—4m%2mév—2m§3m%v +4m§m§1,v —mfm%v +2m§3m?{f miy
_4m§m§{1im%v+2mfmzlim%v—mfm‘;{lil

+miy, ((—2m%3+2mg—mf+4m%v) m%/V""m?m?Hli)

iy, (23 —m?-+2mdy) mdy, — (md —2m3y ) miy, + (3 —2md, ) i, ) )

2

2, 4 2 2 2 2,2 2 2 .2 2 2 2
+6D(2713’H1i) (mt My —2MagMy, My, +my mH2mW+2m23mHli myy —2m; MMy

2,4 2.2 2 2,2 2 2 2
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