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We study the possibility of a dark matter candidate having its origin in an extended Higgs sector which,
at least partially, is related to a new strongly interacting sector. More concretely, we consider an i2ZHDM
(i.e., a Type-I two Higgs doublet model supplemented with a Z, under which the nonstandard scalar
doublet is odd) based on the gauge group SU(2), x SU(2), x U(1),. We assume that one of the scalar
doublets and the standard fermion transform nontrivially under SU(2), while the second doublet
transforms under SU(2),. Our main hypothesis is that standard sector is weakly coupled while the gauge
interactions associated to the second group is characterized by a large coupling constant. We explore the
consequences of this construction for the phenomenology of the dark matter candidate and we show that the
presence of the new vector resonance reduces the relic density saturation region, compared to the usual
i2DHM, in the high dark matter mass range. In the collider side, we argue that the mono-Z production is the
channel which offers the best chances to manifest the presence of the new vector field. We study the
departures from the usual i2HDM predictions and show that the discovery of the heavy vector at the LHC is
challenging even in the mono-Z channel since the typical cross sections are of the order of 1072 tb.
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I. INTRODUCTION

The discovery of the Higgs boson [1,2] crowned stan-
dard model (SM) with great success. However, the high
energy physics community is unanimous to suspect that the
SM is not a complete description of the nongravitational
interactions. Three main open questions justify this general
conviction: a natural origin for the electroweak scale, the
origin of neutrino masses, and the origin of dark matter
(DM). The first of these problems has motivated the
construction of many extensions of the SM. Some of them
are based on the elegant idea that the electroweak scale may
be dynamically produced in the context of a new strong
interaction. Of course, this proposal inevitably leads to the
prediction a new composite sector. On the other hand,
although many observations point out to the existence of
DM, we have few clues about its nature. A very popular
possibility is that DM consists of neutral massive particles
(with masses ranging from some GeV’s to some TeV’s)
with annihilation cross section of the same order of
magnitude than the cross sections obtained from the weak
interaction (the so-called WIMP). One of the best known
models that incorporate this kind of DM candidate is a
type-I 2HDM where one of the doublets is odd under a new
(and usually ad-hoc) Z, symmetry. This model is usually
referred as the inert two Higgs doublet model or i2HDM
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[3-5]. It is tempting to merge the ideas of an extended
Higgs sector and compositeness, at least partially. Indeed
already some authors have explored the phenomenology of
the 2HDM in the context of traditional dynamical electro-
weak symmetry breaking [6] and the so-called composite
Higgs models where the scalar doublets arise as pseudo-
Nambu-Goldstone bosons [7-12]. Additionally, for some
particular models, it has been studied the phenomenologi-
cal consequences of a two Higgs doublet sector coupled to
composite vector resonances [11,13]. In this paper, we
focus on a i2ZHDM where one of the scalar doublets (the
one which is odd under the Z, symmetry) is supposed to
belong to a new strongly interacting sector and is directly
coupled to a vector resonance. This is in consonance with
the very appealing idea of having a complex hidden sector
with its own interactions and structure levels. We explore
mainly the consequences of the new heavy vector on the
phenomenology of the DM candidate. Additionally we
argue that the best chance to observe a signature of the
new vector resonance at the LHC comes from the single
production of a gauge boson plus missing transverse
energy. To achieve our goals, we have organized our paper
in the following way: in Sec. II we describe our theoretical
construction emphasizing the introduction of the new
heavy vector. In Sec. IIl we comment on the a priori
experimental and theoretical constrains which are relevant
for our model. In Sec. IV, we describe our results for the
phenomenology of the DM candidate while in Sec. V we
focus on the mono-Z production at the LHC. Finally in
Sec. VI we state our conclusions.

© 2017 American Physical Society
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II. THE MODEL

Following the idea of hidden local symmetry (HLS) [14],
we introduce the new vector resonance as the effective
gauge fields of a (hidden) gauge group which we call
SU(2),. Consequently, our model is based on the local
group SU(2), x SU(2), x U(1)y. We assume the first
group is associated to the elementary or weak interacting
sector while the second group describes a composite or
strongly interacting sector. A fundamental hypothesis
under our construction is that standard left-handed fermions
and one of the scalar doublets (¢) transform under SU(2),
(and U(1)y) while the second scalar doublet (¢,) trans-
forms under SU(2), (and the hypercharge group) as
illustrated in Figure 1. Additionally, we introduce a bi-
doublet field which transforms as U 1ZU; with U, and U,
elements of SU(2), and SU(2), respectively. With this
ingredients, and assuming that ¢, is odd under a new Z,
symmetry, the most general Lagrangian (with operators up
to dimension 4) for the gauge and scalar sector is

£ = ATH{P P =Tl P2+ e (D,2) (043)
+ (D)) (D" 1) + (Do) (D o) +mi (i gh1)
+m3(P3a) =1 (h1¢1)° =22 (93h2)* = A3 (b1 ) (d3¢h2)
1) BT ) - S0+ 179

(1)
where
DX = 8ﬂ2 —ig1AX+ ngZAz,,

. gy
Dypj = 0udj = igjA 1 — i

B,
and u is an energy scale which characterize the new strong
sector.

The SU(2), x SU(2), is spontaneously broken down to
the diagonal subgroup, which we identify with SU(2),,
when the X field acquires a v.e.v (£) = 1. In this phase,
Lagrangian (1) becomes:

by

SUQ), SUQ),

0, o,

FIG. 1. Moose diagram representing the non-Abelian part of
the group structure underlying our model. The X link field is a
bi-doublet while the scalars ¢, and ¢, are doublets of SU(2), and
SU(2), respectively.
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and a mass mixing term appears in the gauge sector. On the
other hand, the electroweak symmetry breaking occurs,
as in the SM, when ¢; gets a vacuum expectation value

(v.e.v): () = (0,v/+/2)". Notice that we assume that ¢,
does not acquires a v.e.v. This fact assures that ¢; is the SM
Higgs doublet and forbid the appearance of any mass
mixing term in the scalar sector. Finally, notice that,
because of the same Z, symmetry, Yukawa terms can only
be constructed with ¢;.

After these symmetry breaking processes, the following
nondiagonal mass matrices are generated for the neutral
and charged vector bosons:

, [(+a)g -9 —gi9,
m2 =" 2 2.2 0
NT —a~gi19»2 a~gs
—919y 0 Iy
o V[ at)g —a’gg
2 = —
4 —6129192 6129%

where a = u/v and g;, g, and gy are the coupling constants
associated to SU(2),, SU(2),, and U(1)y. When M3, is
diagonalized in the limit where ¢, > ¢g;, we obtain the
following mass eigenstates for the neutral sector:

A = 9y A? + 919y Ag + g1 B
H u
vVa+ag " oaovatag T Va+a

2
7 - _ g A3 9 A3+ 9y B

1 2
Ve +a Vi ta

91 43 3
_QA“’ + Azﬂ.

Va+a "

Py =

where p denotes the new heavy vector resonance.
Similarly, the eigenstates of the charged sector (in the
same limit) are:

T ) R
W#—A1M+£72A2”

+ 914+ +
Pu __gAlﬂ+A2;4

where, as usual, Ay, = % (A F AZ,).
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In the same limit, the masses of the vector states can me
expressed as:

MAIO

0"+ g 1 4
AT/Z. A T

(exact) (3)

T K
My~ “”292 [1 + 2%] (5)
Vg1 g
My ~ > [1 - @] (6)
avg, [ g1
M, = 5 {14—2—9%} (7)

Notice that to first order in g,/g,, we can write:

91 My,
—ra—.
9 M p

The quantity g,/g, is supposed to be small. This is the
precise meaning of the assumption that the nonstandard
sector is strongly interacting. As we will explain below, in
this work we consider values of M, in the 2-4 TeV range
and a = 3, 4, 5, obtaining ¢,/g, < 0.2.

In the scalar sector, the spectrum is straightforward since,
as we already emphasized, no mass mixing term arise due
to the Z, symmetry. Consequently, near the minimum of
the potential, the scalar doublets can be parametrized as:

=) #5000 @

where H is the SM-like Higgs boson and is identified with
the observed 125 GeV scalar state. Notice that the Z,
symmetry makes the lightest component of ¢, stable. As it
is usually done, we assume that /; is the stable state and,
consequently, the DM candidate.

Our model has seven free parameters: u, g,, m,, and 4;
with i =2...5 (4, is fixed by the mass of the 125 GeV
scalar observed at the LHC), however not all of them are
equally significant for our research. It is convenient, for
phenomenological proposes to work with the following
parameters:

Mhl’ Mh27 th:, Mp’ /1345, 12, a (9)
where M), , M, , M, are the physical masses of the new
scalars, M, is the mass of the vector resonance and
Azas = A3 + A4 + 45. Notice that 1345 plays a crucial roll
controlling the interaction between the dark matter and the
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SM Higgs. According to this, we can rewrite the coupling
constants as a function of the free parameters

2 2 2 2 2
PRI S Sk R W Tk e
; v? v?
M2 —M; ?? 2M
Je=——T2 2 — Nase— — M? ———
5 02 n; 345 o 92 va
(10)

III. EXPERIMENTAL AND THEORETICAL
CONSTRAINS

The model parameter space can be constrained from
theoretical restrictions coming from the analysis of the
potential and experimental searches as well. In this section
we mention all the restriction that we are account.

(1) Vacuum stability: In order to perform calculations
around a minimum point without loose stability of
the potential we need that there is no direction
in field space along which the potential tends
to minus infinity. This leads to the well-known
conditions [15]

W>0, >0,  2vAdy -+l >0,
2\/1112 +}«3 +}«4 +15 >0 (11)

It is worth it to note that the authors of Ref. [16]
show that considering loop corrections to the vac-
uum stability some regions of the parameter space
which originally were forbidden are reopen and,
although this offer an opportunity to revisit the
phenomenology the i2HDM, in this work we
follow a more conservative approach and we con-
sider the generally accepted stability conditions
quoted above.

(i1) Neutral vacuum: Another important requirement is
that the vacuum must be electrically neutral. This
can be guarantied if

The last condition [Eq. (12)] assures us that M, is
the lightest particle which is odd under the Z,
symmetry.

(ii1) Inert vacuum: We need to consider the case where
only the standard model field ¢, get a vacuum
expectation value in order to avoid a mixing term
between dark matter and the Higgs boson which will
be catastrophic for abundance of relic density.
According to Ref. [17] the vacuum stability con-
dition is satisfied provided that:

095025-3
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(iv)

)

A
m?>0 and m}< Im%
I

(13)
In terms of our set of independent parameters, these
conditions translate into:

2

v
M3 > = (1345 _2 mz). (14)
This is a very important constraint because it places
an upper bound on 4345 for a given DM mass M), .
Perturbatibity: All the quartic couplings of the
potential must be limited by perturbativity constraint,

therefore

4| <87 (15)
Unitarity: According to Ref. [18] we can impose
tree-level unitarity constraints if the eigenvectors of

the scattering matrix elements between scalars and
gauge bosons satisfy

le;| <8z (16)
where the parameters e; are defined as
erp =43t Ay, €34 =74 £ s (17)
ese = A3 + 244 £ 345,
erg =~ =\ (h—h)?+1 (18)

€010 = =301 = 30 £\ [y = )2 + (25 + 4s)°
(19)

e =-M—AhEt\/(4 -4+ (20)

On the other hand, the introduction of a massive
vector resonance may, in principle, induce danger-
ous perturbative unitarity violating processes. How-
ever, in our construction, the potentially problematic
WHW~p0 vertex is highly suppressed being of the

order of g, cos(ew)(g—z> (Z—f), where 6y is Wein-
2

berg’s angle. Although this is well beyond the level
of approximation we are working at, we estimated
the contribution to perturbative unitarity violation in
the channel W; W; — W;W;. We found that the
corresponding scale of unitarity violation is

A 2V6rxM,M,\'"* M,
| — 0.
o Mwl/l MW

(vi)

095025-4

PHYSICAL REVIEW D 96, 095025 (2017)

In our case, the lowest value of A,, is obtained

for u =5v~12TeV and M, =2 TeV, thus we
found that A, > 25 TeV. This has to be compared
with the maximum scale at which our model remains
valid: 4zu ~9-15 TeV.
Electroweak precision test: In the i2HDM the
electroweak radiative corrections are affected by
the relation between the scalar masses [5] alongside
the Higgs mass and Z boson mass. The expressions
for the S and T values are

1 1
= T2r (g =y Ffal) ~ifeln)
2 1

+ 9x3x7 (3£ 5 (x2) = X7 f5(x1)] (21)

My,
M—}’]i, fa(x) = =5+ 12log(x),

fp(x) =3-4log(x) and

M
where x; = 371, x; =
h

1
- 327%an?
— F(Mj,, M}, )]

T [F(M>

2 M)+ F(M?

2.082)

(22)

where the function F(x,y) is defined by

Y W og(¥), x
F(x.y) = { T i108(), X #y
0, X =y.

Written in this form, according to Ref. [19], the
contribution to S and T shows explicitly that we
cannot distinguish the CP properties of 4, and h,.
With U fixed to be zero, the central value of §
and 7, assuming a SM Higgs boson mass of
my, = 125 GeV, are given by [20]

§=006+0.09, T=0.1+0.07 (23)
with the correlation coefficient +0.91.

Concerning the consistency of the introduction of
the new vector resonance with the electroweak
precision tests, we computed the tree level correction
to the T parameter due to the presence of the new
vector boson. Our result is

tan?(Qy )M 5 a?
AT ee ¥ ———————
aEMMp

For the values of a and M, considered in this
work, AT .. turns out to be very small: AT .. ~
10107 which is in perfect agreement with
current limits on AT at 95% C.L. Additionally,
in models with very massive vector resonances
it is expected that the S parameter be proportional
to 7 [21] and, consequently, we expect AS,.. to be
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also small. In what respect to loop contributions, our
experience which models containing heavy vector
resonances [22,23] shows that for small mixing
angle and large resonance mass (as is our case),
the one-loop contribution are consistent with exper-
imental limits.

(vii) LHC constrains on vector resonances: In general,

o(pp - jet, jet)(pb)

FIG. 2.
where the p, decay channels into a pair of nonstandard scalars are

107k
2000

vector resonances may produce detectable signals
at colliders through channels like dijet production,
dilepton production, the associate production of a
Higgs boson and a gauge boson, and the production
of two gauge bosons. Also the Higgs decay rate into
two photons (which is loop process) and the oblique
parameter S, 7 may receive sensible corrections
from heavy charged fields. However, in our case the
new vector resonance couples to the SM fields only
through mixing terms which are suppressed by
factors g;/g,. Moreover, previous studies suggest
that the experimental constrains are largely satisfied
if the new resonance is heavier than 2.4 TeV
[22,24,25]. As a matter of example, we compare
the cross section predicted by our model for the
process pp — p, — jj with the upper limits set by
ATLAS for dijet resonances [26], as shown in Fig. 2.
Our calculations are performed in two different
kinematic regimes depending on whether the p,
decay channels into a pair of nonstandard scalars are
open or not. When these channels are open they
dominate over the decay into SM particles since the
interaction in the former case is proportional to g,
while in the latter case is suppressed by a factor
g1/ 9>. This makes the resonant dijet production
quit unprovable as shown by the lowest continuous
line in Figure 2. The upper continuous line, on the
other hand, shows the predicted cross section when

10'g

100k

1075

R R P 1
2400 2600 2800 3000

M,(GeV)

P
2200

o(pp = p, — jj) computed in the kinematic region

open (lower solid line) or closed (higher solid line). In both cases

we used a = 3. The predictions are compared to the upper limits

set by ATLAS for dijet resonances (dashed line).

(viii)

(ix)

x)

(xi)
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the vector resonance is not able to decay into
nonstandard scalars. Notice that in the appropriate
kinematic regime, values of M, <2.4 TeV are
allowed.

LHC limits from Higgs di-photon decay: The decay
rate of the Higgs bosons into two photons does not
constrain very much the mass of the vector reso-
nance either because the Higgs boson couples to p,
only as a result of the mixing between A;, and A,,
and, consequently, the Hp, p, vertex is suppressed
by a factor (g,/g,)> However, the interaction vertex
Hh} hy; is governed by the 45 quartic coupling which
can be constrained through loop calculations. We
can use the limit coming from ATLAS-CMS Higgs
data analysis [27] to set a restriction on A3 using the
experimental value:

BI‘BSM(H - yy)

BOVH = 77) 24)

=W = 11675

Invisible Higgs-decay: Interactions among Higgs
boson and the new sector (inert scalars and vector
resonance) are allowed in this model, therefore the
possibility of new invisible decay channels are
open. Those channels could lead to deviations of
Higgs boson decay width from the SM value.
Using results that comes from ATLAS [28] at
95% CL we can restrict the invisible Higgs decay
to be less than

Br(H — invisible) < 28% (25)
which is also compatible with the CMS result [29].
LEP limits on inert scalars: In order to not affect the
precise measurements of W and Z widths we need to
impose restrictions to the mass of the inert scalars
demanding that T(W* — h h*), T(W* = hyh™),
['(Z - hhy) and T'(Z— h*h™) channels are
kinematically closed. This leads to the following
constraints:

Mhl + My > My
A4h]_+'A4h2 > Alz

Mhz + My > My

2M pt > M, (26)
Relic density limits: We analyze the abundance of
dark matter using MICROMEGAS [30-32] package.
This program solves the Boltzmann equation nu-
merically, using CALCHEP [33] to calculate all
of the relevant cross sections. The program consider
the case when M), < My, M, taking into account
the annihilation into 3-body final state from VV*
or 4-body final state from V*V* (V = W*, Z).
Coannihilation effects are taken into account as
well. We require that our predictions for the relic
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density be in agreement with the PLANCK [34,35]
measurement:

QPanckp2 — (0.1184 4 0.0012. (27)

(xii) Direct detection limits: Using the first dark matter
results coming from XENONIT [36] with 34.2 live
days of data acquired between November 2016
and January 2017 we have evaluated the spin-
independent cross section of DM scattering off
the proton, og;, also using MICROMEGAS.

IV. DARK MATTER PHENOMENOLOGY

As we explained above, our model has a 7-dimensional
parameter space, however we can have a good phenom-
enological overview of the model focusing only on 3
specific parameters (4345, M), , M) and fixing all the other
ones to which the phenomenological observables have poor
sensibility. For instance, the dark matter candidates and
the SM fields only interact through the Higgs boson, the
electroweak gauge bosons and the new heavy vector; but,
since the interaction with the standard gauge bosons is
governed by the electroweak gauge couplings which are
fixed, the only relevant free parameter is As4s, the dark
matter mass itself (M} ) and M.

In Fig. 3 we show a 2-dimensional section of the
parameter space where we have the dark matter relic
density as a function of M), for several values of A34s.
For simplicity, in this analysis we always take M), = M ;-.
With this assumption an important kinematic parameter is
AM =M,;, — M, . Now, two qualitatively different sce-
narios can be distinguished: a quasidegenerate case where

Mh; = Mh* = Mh; + 1 GeV, M,=3000 GeV, a=2

Relic Density Qh?

10? 102 102
Mh; (GeV)

(@)
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AM =1 GeV and a nondegenerate case AM = 100 GeV.
In both we considere M, = 3000 GeV, a =2 and 1, = 1.
We can notice that for 10 GeV <M, < M,/2 GeV
(which we will refer as the low mass region) the model
reproduces the same pattern of relic density predicted by
the usual the i2HDM, as expected. It is only when M},
approaches to M ,/2 that the effect of the vector resonance
p becomes important.

In Ref. [19] there is a detailed phenomenological explan-
ation of what happens in the low mass region, so we will just
briefly comment on it. Here, we can distinguish two different
asymptotic behaviors: the first one for 10 GeV < M), <
50 GeV and the second one (M), > 200) GeV.

In Fig. 3(a), which shows the quasidegenerate case, we
can see that below 62.5 GeV (i.e., half of the Higgs boson
mass) the coannihilation effects between the inert scalars
become important because of the appearance of new
annihilation channels, pushing the DM relic density under
the experimental PLANCK limit. On the other hand, in
the non-degenerate case (when AM = 100 GeV), as seen
in Fig. 3(b), coannihilation is suppressed generating an
enhancement of the QpyA> becoming even 3 orders of
magnitude above the PLANCK limit for small values of
/1345 (NOOI)

Now, in the second case (i.e., for M;, > 200 GeV),
when AM =1 GeV the quartic coupling becomes small
enough to produce a significant suppression of the dark
matter annihilation into longitudinal polarized gauge
bosons. This effect increases the relic density which is
capable of reaching the PLANCK limit even considering
the effects of co-annihilation. On the other hand, for the
nondegenerate case, as seen in Fig. 3(b), the value AM is

Mh, = Mh* = Mh; + 100 GeV, M,=3000 GeV, a=2

Azas =1  ----- Ass= -1

102 4

101 4
100 4

10—1 Y —————— -

10-2 4

\
=

1073 4 A Nrimas

/ %

R

Relic Density Qh?

1074 +

1075 4

107° 4 . .
10? 10? 10°
Mh; (GeV)

(b)

FIG. 3. Relic density Qpyh? as a function of My, for different values of 1345 in a quasidegenerate scenario (a) where M, =
M- = M, + 1 and a no-degenerate scenario (b) where M;, = M- = M, + 100. In both cases we fix the values of M, = 3000 GeV,
a =2 and 4, = 1. The horizontal red line corresponds to the relic density measurements PLANCK limits.
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TABLE I. Range of the parameter space.

Parameter Min value Max value
M), [GeV] 480 4500
M;, [GeV] 480 4500
M= [GeV] 480 4500
M, [GeV] 2500 4500
Asas =5 5
A 0 5
a 3 5

large and the average annihilation cross sections of the
processes hyhy — W, W, and h h; — Z;Z; are increased,
making the abundance of relic density too low to reach the
saturation limit. This generates the flat asymptotic behavior
for large values of M, .

When Qpyh? reaches the PLANCK limit in the high
mass region, but now considering the AM = 1 GeV case,
the annihilation average cross section through the vector
resonance starts to be important as the value of M,
increases. At M;, = M,/2 GeV the value of the relic
density distribution decreases dramatically due to co-
annihilation of 4, and h, into an on-shell p vector. The
wide deep around 3000 GeV [see Fig. 3a)] corresponds to
the opening of annihilation channels Ath™ — p - p*p~,
hihy = pTp~, and hyh, — ptp~. In the case where
AM = 100 GeV, the main annihilation processes are
hihy = WtW~ and h h; — ZZ, although there is a small
contribution (~4%) of the process hht — pTH via
s-channel p boson interchange which generate the small
negative peak at M, = M,/2. Finally, in this case, the
last deep at M; = 3000 GeV is produced through the
opening of the annihilation channels h;h; — p*p~ and
hyhy = p°p°.

In order to have a complete visualization of how the
vector resonance affects the i2HDM, we performed a

10°
;
10-1
- o~
3 <
G
" 1072 2
s e
o 9]
~ 10 8
2
O
o
10
-2 v y v y v y v 1075
500 1000 1500 2000 2500 3000 3500 4000 4500
Mh; (GeV)
(@)
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random scan over the 7-dimensional parameter space
considering all the experimental and theoretical constraints
mentioned in Sec. III. In our analysis, we exclude all the
points in the parameter space where overabundance take
place because they are considered nonphysical. However,
we keep the regions of points which produce underabun-
dance since it only means that an additional source of
DM is needed. Consequently, we used a rescaled direct
detection cross section 6g; = (Qpym/Rpranck) X o which
allows us to take into account the case when /A, contribute
only partially to the total amount of DM. The range of the
scan for each free parameter is summarized in Table L.

As it was previously explained, our model reproduces
the same pattern of Qpyh* as the i2HDM for M;, < M, /2
because the interaction between the SM particles and the
vector resonance (p,) is suppressed by the factor (g,/g5).
Therefore we will focus on the high mass region where the
interaction with the vector resonance is more sensitive.

In Figure 4, we show projections in 2-dimensional planes
of the scan as a color map of DM relic density where we
show the planes (M), , 4345) and (M}, , M ). In Fig. 4(a), we
can see the effect of the vacuum stability constraint on 4345,
making it to satisfy the bound 345 = —1.47.

It is easy to recognize the DM annihilation into an on-
shell vector resonance (hih, — p) at M, ~M,/2 GeV
through the substantial DM relic density decrease in a
narrow sector represented by the diagonal blue pattern in
Fig. 4(b).

It is important to stress that M, /2 establishes a border in
the parameter space for the saturation of relic density. For
M), > M,, the annihilation cross section becomes more
intense and the abundance of relic density decreases below
the experimental PLANCK limit. This border is clearly
seen in Fig. 5(b) where we present the parameter space
which at the same time reproduces the value of Qpyh?
observed by PLANCK and is consistent with all the

4500 S 10°
4250 RIS
A Lot
4000 ~
<
3750 ¥ (@]
S 1072 2>
g 3500 it §
3250 % 102 O
=)
K9]
3000 K
-4
2750 10
2500
10-°
Mh; (GeV)
(b)

FIG. 4. 2D projections of the 7D random scan of the model parameter space restricted to (450 GeV, 4500 GeV) for M}, , (2500 GeV,
4500 GeV) for M, and (-2, 5) for 4345 considering all constraints except under-abundance of DM.
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2D projections of the 7D random scan of the model parameter space restricted to (450 GeV, 4500 GeV) for M), , (2500 GeV,

4500 GeV) for M, and (=2, 5) for Asys considering all constraints plus the lower PLANCK limit.

experimental constrains. In other words, the interactions
due to the new vector resonance reduce the saturation
region in the high mass zone compared to i2HDM because
when the DM reaches the limit M, ~ M, the channels
hihy, = pTp~ and h hy, — p°p° become open causing the
abundance of DM to fall down by at least one order of
magnitude, as we can clearly see from Fig. 4(b).

As we stressed before, in the high mass zone it is
possible to reach the saturation limit of the relic density due
to the high level of degeneracy of the three inert scalars,
which turns out to be no more than a few GeV. This mass
split is closely related to the quartic coupling of the
potential. A small difference of mass implies small values
of the A parameters which translates into a low average
annihilation cross section of the dark matter into longi-
tudinal polarized gauge bosons, generating an enhancement
in the abundance of relic density. This can be seen in
Figs. 3(a) and 5(a) where A345 can reach higher values
as M, increases. This effect is maintained until the
threshold is reached at M, = 2250 =MY*%X/2 GeV,
where M)AX = 4500 GeV is the maximum value of M,
used in our parameter space.

V. PREDICTIONS FOR THE LHC:
MONO-Z PRODUCTION

At the LHC, the new vector resonance is mainly
produced by quark annihilation. In consequence, the total
production cross section o(pp — p) is proportional to
(91/92)* = a*M73, /M. In Fig. 6 we show our predictions
for o(pp — p°) at the LHC with /s = 13 TeV. The tiny
cross sections indicate that it is a very challenging task to
discover the new heavy vector at the LHC specially when
we consider only standard particles in the final states, since
the interaction of the heavy vector with particles of the SM
is suppressed by factors (g,/g»)-

However, we can expect to have a better chance of
getting observable signals if we consider final states
containing the new scalar alongside some standard particle.
A promising process is pp — h;h;V (with V = Z or W),
In this process the scalars are not detected but they
produce a significant amount of missing transverse energy,
as shown in Fig. 7 (right). Hereafter, we focus on the mono-
Z production. Figure 7 (left) shows the predicted cross
section for the process pp — p — h hZ computed for
three values of the a parameter (¢ = 3, 4, 5) while other
relevant parameters were took as Mj; = 800 GeV,
My, = M, =810 GeV, A5 = —0.1 and 1, =2.0. As

o(pp— p’) (fb)

O’l PSR SRR P I S SR SN SN SR ST S N SR ST ST S NS \\\
2000 2250 2500 2750 3000 3250 3500
M, (GeV)
FIG. 6. o(pp — p°) vs Mp at the LHC for /s = 13 TeV.
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FIG. 7. Left: 6(pp » hhZ) at the LHC for /s =13 TeV, a =3 (dashed), a =4 (continuous), a =5 (dotted). We use
M, = 800 GeV, M, = 810 GeV, A3y5 = —0.1 and 1, = 2.0. Right: Normalized missing E; distribution.

we see, for M P between 2 and 3.5 TeV, the cross section lies
in the range of (0.05-1.5) x 102 fb.

In order to compare the predictions of our model to
the usual i2DHM ones, we compute o(pp — hhZ) for
the benchmark points 1 and 6 of Ref. [19] defined
by M =55 GeV, M;, =63 GeV, M, =150 GeV,
A3as = 1.0 x 1074, 4, = 1.0 (BM1) and M,, = 100 GeV,
My, =105 GeV, M, =200 GeV, 35 =2.0x 1073,
4> = 1.0 (BM6) respectively. The computed cross sections
include the kinematic cut E7 > 100 GeV for both bench-
mark points. In Figure 8, we show our results, alongside the
cross section predicted in the usual i2ZHDM, for BM1 (left)

0,35

"
Y
)
[}
Y
[y
[}
[}

[}

[y
Y
[}
LY

a=3

0,3

0,25
S

o(pp— hi hy Z) (fb)

0,2

0,15 =

PN [T SRS SR T SR ST SRS (N S ST SR (ST S ST S N S
2250 2500 2750 3000 3250
M, (GeV)

0,1 —
2000 3500

and BM6 (right). In both cases we can see an important
enhancement in the low M, region compared to the
usual i2DHM.

Additionally, we show in Fig. 9 our prediction for
o(pp = hih,Z) at the /s =13 TeV LHC considering
the benchmark point BM6. This process also contributes to
the mono-Z production provided that the mass splitting
between h; and h, is small.

Finally, we analyze the observability of our signal using
the package CHECKMATE [37]. We use experimental
results obtained at the LHC for /s = 8 and a luminosity
of 20.3 tb~!. Then we extrapolate our results for a higher

0,25

a=3
a=4

0,2

o(pp— hi hy Z) (fb)

PR SR S SRS (NN SR ST ST U (NN ST SR ST SR NN SR S S S NS S
2250 2500 2750 3000 3250
M, (GeV)

0,05 — .
2000 3500

FIG. 8. Left: 6(pp — hy 1y Z) vs M, at the \/s = 13 TeV LHC considering the benchmark point BM1. Right: Idem but for the

benchmark point BM6.
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FIG. 9. o(pp = hhyZ) vs M, at the /s =13 TeV LHC
considering the benchmark point BM6.

luminosity (L = 3000 fb~!) at /s = 13 TeV using the

formula:
L 61173
013 = 03 E ?
b

where og (013) is the minimum observable cross section
for the LHC at /s = 8 TeV (/s = 13 TeV), 65 (c1°) is the
background cross section associated to the signal, £ =
20.3 tb~! and £’ = 3000 tb~!. The results are shown in
Fig. 10. Unfortunately, even in the high luminosity regime
the signal for mono-Z is two order of magnitude below the

(28)

Cross section at 8 TeV
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minimum observable cross section for generalistic kin-
ematical cuts and only a dedicated search with a more
specific approach can improve this situation.

VI. CONCLUSIONS

In this work, we have extended the i2DHM by adding
a new heavy vector triplet and assuming that the inert
scalar doublet is strongly coupled to the new spin-1 field.
The theoretical construction was based on the hidden
local symmetry idea and thus the new vector field was
introduced by enlarging the gauge symmetry to
SU(2), x SU(2), x U(1)y. The hypothesis of a strong
interaction between the heavy vector field and the inert
scalar doublet was implemented making the inert scalar
field to be a doublet of SU(2), while the standard field
(including the Higgs filed) were supposed to transform
nontrivially only under SU(2),.

In general, the model is allowed by current data provided
that M, > 2.4 TeV but lower values of M, are possible
when the decay of the new vector into nonstandard scalar is
open. Indeed, in this kinematic region the discovery of p
seems to be rather challenging at the LHC specially when it
is considered its decay only into standard particles. A more
interesting possibility is the production of a Z boson in
association with two h; particles since the total process
(p production and decay) is less suppressed than the
previous case. Naturally, the & particles would escape
detection but they will produce a significant amount of
missing transverse momentum. However, the predicted
cross sections are quite small, although an important
enhancement with respect to the usual i2DHM is observed
for lower values of M, lying in the [0.1-0.3] fb range.
Unfortunately, even considering this enhancement and a
luminosity as high as 3000 fb~!, the observation of this
channel seems to be very challenging at the LHC.

Projection at 13 TeV

with PIM > 40 Gev
103

10 -

a(pp = h1h1Z) x Br(Z - 1) (fb)

10! 4
10° 4

10714

102 T T T T T T e e e e e e e e e e e e

-3 J
10 ---BMla=5
10—4, —--BM66=5
95% CL (3000fb~1)

3000

107> T T T T
2000 2600 2800 3200 3400

M, (GeV)

2200 2400

FIG. 10. o(pp = hyhyZ)Br(Z — ¢¢) vs M, at Left: \/s = 8 TeV and Right:/s = 13 TeV considering the benchmark points BM1
and BM6. The continuous line represent the minimum observable cross section at LHC.
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However, the presence of the new heavy vector is not
innocuous for the phenomenology of the dark matter
candidate. In fact, it introduces new annihilation channels
which are important in the region of large dark matter mass.
The most important consequence of this phenomenon is the
reduction of the relic density saturation zone compared
with the usual i2DHM.

PHYSICAL REVIEW D 96, 095025 (2017)
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