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We explore an extension to the Standard Model which incorporates a vector field in the fundamental
representation of SU(2), as the only nonstandard degree of freedom. This kind of field may appear in
different scenarios such as compositeness, gauge-Higgs unification, and extradimensional scenarios. We
study the model in which a Z, symmetry is manifiest, making the neutral CP-even component of the new
vector field a vectorial dark matter candidate. We constraint the parameter space through LEP and LHC
data, as well as from current dark matter searches. Additionally, comments on the implications of
perturbative unitarity are presented. We find that the model is highly constrained but a small region of the
parameter space can provide a viable DM candidate. On the other hand, unitarity demands an UV
completion at an scale below 10 TeV. Finally we contrast our predictions on mono-jet, -Z, -Higgs
production with the ones obtained in the inert two Higgs doublet model.
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I. INTRODUCTION

It is generally acknowledged that the Standard Model
(SM) is incomplete, despite its impressive and unexpected
phenomenological success. Its lack of a dark matter (DM)
candidate and the impossibility of naturally generating
within its framework tiny but nonvanishing neutrino masses
are usually among the reasons invoked to illustrate such an
incompleteness. Additionally, and maybe more dramati-
cally, even the dynamical origin of the electroweak scale is
not completely understood in within the SM. This has
motivated, over the years, the construction of many
extensions of SM. However, the very precise measurement
made at LEP during the 1990s already taught us that the
new physics has to be subtle, making the construction of
consistent and complete new physics models, a formidable
task. Of course, the lack of evidence of any kind of
nonstandard phenomena at the LHC has put stronger
constraints and has made the labor of model-builders even
more difficult.

Under these circumstances, it seems wise to take a less
ambitious approach. In the search of some dark matter
signal, both effective field theories (EFT) (see, e.g., [1-8])
and simplified models frameworks (see, e.g., [9-13]) have
been used as a guide of search. In the latter framework, both
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scalar and fermion dark matter has been the most explored
line by their simplicity (for a classification under SM
quantum numbers see [14]). However, it has been shown
that vector bosons may perfectly play the role of dark
matter, most of them motivated from hidden gauge sectors
[15-24], extra large dimensions [25], little Higgs model
[26] and from a linear sigma model [27]. Recently, the
neutral component of an electroweak vector multiplet has
been shown to be a good dark matter candidate, such as
multiplets transforming in the adjoint representation [28],
and in the fundamental one in the context of 331 models
[29,30] and in Gauge-Higgs unification framework [31].

In this work, taking an agnostic UV-completion
approach, we consider a simplified model which takes
an electroweak vector multiplet transforming in the funda-
mental representation of SU(2), with hypercharge 1/2,
leading naturally a dark matter candidate due to an
accidental Z, symmetry. We introduce what we call the
dark vector doublet model (DVDM), and we contrast this
possibility with theoretical and experimental constrains.
Interestingly, the new fields couple to the SM bosons (Z,
W=, photon and the Higgs boson) but, as we will see, not to
the SM fermions if we only consider up to renormalizable
operators. We constaint the model through experimental
data such as LEP, LHC and dark matter probes. We show
that our vector dark matter field can account for the total
observed dark matter abundance for masses above
840 GeV, approximately.

Finally, DM cross section and missing transverse energy
at the LHC are observables capables to discriminate among
different signals. In view of the similarities between our
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model and the well known inert two Higgs doublet model
(i2HDM) [32-37], we compare the cross section and
missing energy distribution shapes for monojet, -Z and -
Higgs signals in both models.

The paper is organized in the following way. In Sec. II
we describe our model and we specify under what con-
ditions a dark matter candidate appears. The space param-
eter is discussed in Sec. III. We present as well all the
relevant theoretical and experimental constraints we used to
study the model in Sec. IV. Next, in Sec. V a deep
description of the DM phenomenology of the model with
a full scan of the parameter space is shown accompanied
with a brief discussion of DM searches at LHC. As a
complementary analysis, in Sec. VI we discuss perturbative
unitarity. Finally we present our conclusions in Sec. VIL. In
the Appendix we show more details about the discussion of
perturbative unitarity.

II. THE LAGRANGIAN

As we announced, we extend the SM by introducing a
new set of vector fields in a single-representation of the
standard gauge group SU(3), x SU(2), x U(1)y:

+
v (VY () 1
Py ) T Vi+iva |» (1)
s V2

transforming as (1,2, 1/2). Notice that we are assuming
that V,, has the same weak-isospin and hypercharge as the
Higgs doublet (¢). In other words, we are assuming that V'
and Vﬁ are neutral states. The most general Lagrangian
respecting the SM gauge symmetry containing this new
vectors with operators up to dimension four is
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where B* is the Abelian U(1), field strength, and W* =
WHaZ s the non-Abelian SU(2), field strength. In
principle, all the free parameters, 4;, a; for i =1, 2, 3
may be complex. The parameters x; and x, are analogous to
the well-known anomalous couplings in the context of
vector leptoquark models.

Interestingly, it is not possible to couple the new vector
boson to the standard fermions with renormalizable oper-
ators. For example, without loss of generality, let us
suppose a Lorentz invariant Yukawa-like coupling between

SM first generation of leptons and the vector doublet.
Then, consider the following vector and axial vector
couplings,

L2 Ly*(g" = g*r)erV,. (3)

where ¢¥ and ¢* are arbitrary coupling constants. Con-
sidering the chirality projectors P; g, the Lagrangian (3) may
be rewritten as

L= (l_/e éa)PRyﬂ(gV _gAys)PReV/u
= (7. e)r"(¢" = g*r’)PLPreV,
0

where we have used {y*,y°} = 0 and P, Py = 0.

On the other hand, the term proportional to ; is allowed
by the symmetry, and it is an operator of dimension three
and the only one linear in V. In principle, this term would
introduce a mixing between the SM gauge bosons and the
new vector states. However, it is possible to set up it to zero
naturally because an accidental Z, symmetry arises in the
model. Due to this discrete symmetry, the new heavy
vectors do not mix with the electroweak gauge bosons so
there are no corrections at tree level to My and M,
keeping untouch the p-parameter at tree level. Everything
goes like in the SM for the electroweak gauge bosons.
Therefore AS = AT = 0 at tree level in our model, and any
correction will appear at loop level.

Finally, the terms in the last line of (2) are allowed by the
symmetry. However the values of their coupling constants
(k; and k) are not fixed by the symmetries. In this paper,
we work in the simplified case where x; = k, = 1. This
choice is consistent with the hypercharge assigned to V,,
and agrees with what happen in vector leptoquarks models,
where the ultraviolet gauge completion and unitarity argu-
ments fixes the values of those parameters to one [38]. In
other words, if we allow for values different to one, there
appear the coupling among the photon A, and the two
neutral vector V! and V2, implying the latter fields now get
an electric charge.

ITII. DARK MATTER CANDIDATE

As we explained above, in the limit when «; vanish, the
model acquires an additional Z, discrete symmetry
allowing the stability of the lightest odd particle (LOP).
If the LOP happens to be a neutral component of V, (as it
must be for cosmological reasons) then it constitutes a good
DM candidate. In this case, the Lagrangian (2) reduces to:
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Curiously, this Lagrangian is rather similar to the
12HDM [33,37,39] where the extra scalar doublet is
replaced by the new vector doublet.

The Lagrangian 4 contain six free parameters1 which we
labeled as 4,, 43, A4 for quartic coupling involving
interactions between SM-Higgs field and the new vector
field, a mass term My, and a,, a3 for quartic couplings of
pure interactions among the vector fields. These latter self-
interacting terms are not relevant for the experimental
constraints and dark matter phenomenology done in this
paper, therefore from now on we will not consider them,
However, self-interacting particle dark matter can be
relevant in related fields such as astrophysical struc-
tures [40].

After the electroweak symmetry breaking, the tree level
mass spectrum of the new sector is

1
M3, =5 [2M5 — vy, (5)
1
M3, :E[ZM%/—”Q(ﬁz + 23 + 4], (6)
1
M, :E[ZM%/—UZ(/% + A3 = As)]. (7)

The term proportional to 1, makes the splitting between the
physical masses of the two neutral states. For phenomeno-
logical proposes we will work in a different base of free
parameters

MVI, MVZ, Mvi, /1L, (8)

where A; = 1, + 13 + 14 is, as we will see, the effective
coupling controlling the interaction between the SM Higgs
and V'. It is convenient to write the quartic coupling and
the mass parameter as a function of the new free parameters

"We assume that all the free parameters are real, otherwise, the
new vector sector may introduce CP-violation sources. In this
work we do not deal with that interesting possibility.

(M2, —M?,) 2M2, — M?%, — M2,

/12:}11 +2 v 1]2 v 5 13: v UZV v 5
M?, — M2, ey

Iy =— M2V:M2Vl+—2L. 9)

For future convenience, it will be useful to introduce

2 2
A =Ido+ A3 — Ay = Ap +M (10)
which is not a new free parameter, but it is the effective
coupling constant which governs the HV?V? interaction.
It is important to mention that because the new vector
field have the same quantum numbers as the SM-Higgs
field, the two neutral vectors have opposite CP-parities.
However we can switch their parity just making a change of
bases V,, — iV, and then relabel each field as V), — V2 and
V,Z, — V, and still obtain the same phenomenology.
Therefore, without loss of generality, we will choose V),
as the LOP turning it into our dark matter candidate.
Following the same line, to make sure that V,L is the lightest
state of the new sector, we can find some restrictions that
the quartic couplings must follow to satisfy this condition.
Considering this we can stress that

M3, — M3, > 0= 4 >0,
M‘z/t—M%/] >O=>/13 +/14>O. (11)

In order to have a weakly interacting model, we set that all

the couplings parameters must satisfy

|Ai| < dn A laj| < dn (i=2,3,4;, j=23). (12)
We implemented this model using the LANHEP [41]

package and we used CALCHEP [42] and MICROMEGAS

[43—45] for collider and DM phenomenology calculations,

respectively.

IV. COLLIDER AND DARK
MATTER CONSTRAINTS

A. LEP limits

Considering that the coupling between the SM gauge
bosons and the dark sector is fixed by gauge invariance, the
only way to avoid deviations from precise LEP-I con-
straints on W and Z widths [46,47] is to demand that the
channels Z — V!V2, VTV~ and W* — VIVE V2VE are
kinematically not open. This leads to the following con-
ditions on the masses

M‘/l +Mvi >Mwi,
le +Mv2 >MZ,

Mv2 +M‘/i > Mwi,
2My: > My, (13)
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(a) Allowed mass region for neutral vectors based on 95% C.L. upper limits on e"e™ — 775 cross section at /s = 189 GeV

[50]. The solid black contour lines indicate the production cross section ete™ — V!V? at LEP. The red(blue) zones are forbidden
(allowed) by LEP-II data. The red shaded region is excluded by LEP-I data on the Z boson width [see (13)]. (b) Allowed mass region for
charged and neutral vector based on 95% C.L. upper-limits on e™e™ — 775 cross section at /s = 189 GeV [51].

On the other hand, bounds on supersymmetric particles
searches at LEP have been very useful to constrain other
models beyond the SM. In particular, LEP-II limits on
neutralinos and charginos has been used to constraint the
inert doublet model (i2HDM) [48,49]. Although there are
some differences in the number of Feynman diagrams and
the spin involved in the processes, the kinematical effi-
ciencies among the two result to be quite similar, allowing
us to recast the experimental bounds.

In view of the identical topologies in the processes of the
12HDM and our model, it seems natural to extend the LEP
bounds to our vectorial case. The concern is whether the
efficiencies of the vectorial signals are similar to the SUSY
ones. In the case of neutral state production, the process
ete” — Z — V'V? shows a distribution more isotropic and
similar to neutralinos, because both cases, having intrinsic
spin, have the ability to conserve angular momentum.
Scalars, on the other hand, which are produced through
the same topology as the vector ones, e*e™ — Z — H°A?,
are produced in p-waves, making the scalars have large
transverse momentum. Additionally, as it has been shown in
[48], the angular differences between SUSY signals and the
scalar ones are even more reduced when are added the decay
products of their respective new states. Therefore, we expect
similar efficiencies between the signals of our model and
those coming from SUSY, allowing us to recast LEP-II
bounds.

In Fig. 1(a) we show the recast limits from neutralinos
searches at LEP-II to our model [50]. The allowed region is
a small, narrow, blue area close to the LEP energy
threshold. The exclusion region is notoriously higher than
the scalar case [48] because the production cross section for
vectors present an enhancement through their longitudinal
polarization, compared to the scalar case [see (9)]. The
resulting excluded region shown in Fig. 1(a) can be
expressed as

My <100 GeV and M2 <200 GeV and
Mvz—le >8GCV, (14)

and My, + My, must to be a few GeV less than the LEP
threshold (189 GeV). Only the white region in which the
neutral vector states are near the degeneracy is not explored
by LEP-IL

Additionally, charginos searches [51] also put strong
constraints on the charged vector states V*. As it is shown
in Fig. 1(b), the excluded region on the charged vectorial
mass results to be

My: <93 GeV. (15)

B. H — yy constraints from LHC data

In the SM, there is no interaction between the Higgs and
photons at tree level. However, the Higgs boson can decay
into a pair of photons due to one-loop processes in which
the charged gauge bosons W* and fermions run in the
internal lines. In our model the new doublet vector plays an
important role introducing new corrections to I'(H — yy)
through the running of charged vectors V* in the internal
lines at one-loop. Recent measurements show that the
experimental value of I'(H — yy) is very close to the SM
prediction, implying strong restrictions for models that go
beyond the SM [52].

The partial decay width of the Higgs boson into two
photons in the DVDM is

My,
256702

2
LR+ 5 (57) P

T'(H = yy) Zl-NcinzFlﬂ(/)]i)

2

, (16)
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(a) Diphoton rate 47 vs DM mass M in two regions: the pink region correspond to M1 < My, /2, where H — V'V! channel

is open, and the green one to M1 > My /2, where H — V'V channel is closed. The blue color represents relic saturation. (b) Color
map for diphoton rate as a function of the parameter 1, and the charged vector mass M. For these pictures we took into account
perturbability restrictions (12). The horizontal red lines represent the global signal strength coming from /s = 13 TeV ATLAS Higgs

data analysis (18).

where a,,, is the electromagnetic fine-structure constant,
My is the mass of the Higgs boson, v is the 245 GeV Higgs
field vacuum expectation value (vev), N, Q;, and f; =
4M?/M3; are the color factor, the electric charge, and a
dimensionless factor respectively for a certain i fermion
running in the loop. In the same way we define the
dimensionless  factors Sy = 4M3,/M% and By =
4M?, /M3, for the charged W* boson and the new charged
vector V£ contributions in the loop, respectively. The
functions F; are loop factors for particles of spin given
in the subscript:

Fipp = =21+ (1-p)f(p)).
Fy=2+34+362-p)f(B). (17)
with
arcsin(1/p)?, for > 1.
f6) = -1 [mt\/ll_:g—m]z, for < 1.

We consider the most recent limit coming from the /s =
13 TeV ATLAS Higgs data analysis [52] to set restrictions
on the parameter space. The new contributions respect to
the SM are parametrized as the ratio of the branching ratios
between our model and the SM

BrBSM(H — yy) _

" =0.99 £+ 0.14.
BrSM(H - 77) H

(18)

The new contributions to u’’ are governed by the
parameters A, and M= or, equivalently, by 4; and the
difference of masses between M1 and M+, as previously
shown in Eq. (9).

In Fig. 2(a) we present the diphoton rate as a function of
the DM mass M1 where the parameter space was divided
in two regions: the pink points (10 < M1 < My/2)
represent the zone where the decay mode H — V'V! is
open making the decay mode H — yy very low and
therefore pushing the u’” under the experimental limit
for most of the points, and the green points (M1 > My /2)
represent the zone where the decay mode H — V'V! is
closed. In both regions we show in blue the points
which are consistent with the observed amount of DM.
In Fig. 2(b) we present a color map of the parameter 4, as a
function of the diphoton rate vs charged vector mass M.
In both cases the horizontal red lines represent the global
signal strength coming from /s = 13 TeV ATLAS Higgs
data analysis (18).

We can notice that diphoton rate constraints are very
restrictive ruling out an important amount of the parameter
space, mostly when |4,| takes big values in the region
My: Z 400 GeV. However, for higher masses such as
My: 2 1 TeV, still there is a region where p/” is within
the experimental limit for high couplings, e.g., |4, > 5.
Another interesting feature of the constraint is that the
low mass region that can satisfied the Planck limit for
Qpmh? is practically ruled out. Finally, the high
mass region which saturates the Planck limit matches
perfectly with the u’” measurements where (4] < 2)
and (My+ — My <20 GeV) values are preferred.

C. Invisible Higgs decay from LHC data

The Higgs boson is one of the portals connecting the
dark sector with the SM, however there is an important
restriction that we need to worry about. When
My < My/2, the SM-Higgs boson can decay into dark
matter particles, which translate into invisible decays. On
the other hand, both ATLAS and CMS experiments at the
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LHC have been searching for Higgs invisible decays at
/s =7, 8 and 13 TeV, putting the restrictive upper limit

Br(H — inv) < 24%, (19)

at a 95% of confidence level [53,54]. In this section we
interpret the CMS upper bound as the maximum possible
branching ratio of the Higgs boson into dark matter
particles, i.e.,

F(H - VIVI) < Brmax (20)

Br(H = VIV = T vy < B

where Bripa* = 24%, and I'gy; corresponds to the full decay

width of the SM Higgs. In our model, the decay width of
the Higgs to two dark matter particles is given by

M2 My 1M
PH = Vi) =e o B man, T o
g H y! y!

4M2V1
X 4[1— o (21)
H

where g is the weak coupling constant. Replacing (21) into
(20) and solving for 4;, we found the following constraint

12
m 87l smg* My (s — 1) 2
< mnv
S M My T e
W( MZVI 4M?/1) V'/ H

This bound is extremely restrictive because it allows only
for very small values of /1L.2 For example, when My is
close to My /2 (~60 GeV), relation (22) sets 4; < 0.03.
This constraints is complementary to the one given by
Higgs diphoton decay, which strongly constrained dark
matter masses below My /2, eliminating almost completely
the region M1 < My/2.

The case described above was based on the assumption
that the sole channel contributing to the Higgs invisible
decay is H — V'V'. However, when M> < My /2, the
channel H — V2V? can also contribute to the invisible
Higgs decay provided that AM = M> — M is small
enough (of the order of a few GeV or less), to forbid V>
to decay into V! and a detectable pair of fermions.

. . 2(M22_M21) . .
Considering that A = A, +%, and in this case,
M,» =~ My, then A; = Ag. Therefore, in this case the limit
on 4; can be easily modified.

Finally, in the case of a small V* — V! mass split, the

channel H — V*VT may also contributes to the Higgs

*This strong constraint in the coupling among the Higgs boson
and the dark matter is also shown in the i2ZHDM [55] with similar
results.

invisible decay channel. However, LEP limits (15) put very
strong constraints on the allowed masses of the charged
vectors, then making the Higgs decay into the on-shell
charged vectors kinematically forbidden.

D. Relic density constraints

As we mentioned in Sec. III, our model has a
6-dimensional parameter space but only four free param-
eters are relevant for our study: three physical masses of the
vector fields (M1, M2, M), and one coupling constant
(A1) between the SM-Higgs boson and V. In order to show
a general qualitative description of the dark matter relic
density QpyA? as a function of the parameter space, we can
fix some of them and perform a scan over the more relevant
ones. The result should be in agreement with Planck [56]
measurements:

Qpyh? = 0.1184 +0.0012. (23)

The interaction between both the dark sector and the SM is
through the SM-Higgs boson and the electroweak gauge
bosons, however the interaction with the latter it is fixed by
gauge couplings. For simplicity we will consider as well
My =M Vt.3 Therefore the two relevant parameters are
My, 2p).

We will present two characteristic scenarios which we
will refer to as: (a) quasidegenerate case, where
AM =M — M1 =1 GeV, and (b) the nondegenerate
one, in which AM = M > — M1 = 100 GeV. In Fig. 3 we
present a 2-dimensional parameter space where we show
the Qpph? as a function of the DM mass M1 for different
values of 4; in the two scenarios mentioned above. The
horizontal red dashed line corresponds to the central value
of the relic density measured by Planck.

The first important aspect we can appreciate of this
model is that there are two regions in which it can fulfill the
DM budget. The first saturation zone happens between
30 < M1 < 80 GeV for a nondegenerate scenario, as we
can see from Fig. 3(b). In this case the main mechanism of
annihilation is through s-channel Higgs boson exchange
which is controlled by the 4; coupling. Interestingly, there
is a considerable area of overabundance for small values of
M, even for large values of 1; . Of course, this region must
be excluded as nonphysical.

The second saturation region takes place when M1 >
830 GeV in the quasidegenerate scenario [see Fig. 3(a)]. In
this zone the interaction between the DM and the longi-
tudinal polarization of W= and Z boson becomes dominant.
This interaction is modulated by 4; quartic couplings which
in turn depend on the mass difference among the new
vectors as it is shown in Eq. (9). When AM is small the 4;
become small enough to produce a suppression in the

*This equivalently to do A3 =4 as you can easily check
from (7).
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Relic density Qpy /2, as a function of My, for different values of 4, in a quasidegenerate scenario (a) where M > = M+ =

M1 + 1 GeV and a nondegenerate scenario (b) where M2 = M+ = M1 4+ 100 GeV. The horizontal red line corresponds to the
central value of the relic density measured by Planck. The green area indicates the excluded region by LEP measurements.

annihilation average cross section for these channels
pushing the DM abundance up to reach the saturation
limit, even when the (co)annihilation effects are present
which become subdominant. In contrast, in the nondegen-
erate cases the annihilation of DM is more efficient due to
the large values of 4; which results in the asymptotically flat
behavior of abundance for high DM mass values.

The overabundance seen in the nondegenerate scenario
for small values of M1 completely disappears in the
quasidegenerate case due to the effects of (co)annihilation
which introduces new sources of annihilation of DM,
pushing the abundance below the Planck experimental
limit. When M1 ~40 and M1 ~45 GeV we can note
the effects of resonant (co)annihilation through V!'V* —
W and V' V? — Z channels, respectively, that manifest on
the Fig. 3(a) as two inverted peaks.

At exactly M1 ~ 62.5 GeV the resonant annihilation
through the Higgs boson take place as we can see in both
scenarios as a deep peak. After that resonance we observe
three points where the abundance of DM decreases con-
siderably. This happens markedly at M1 ~ 80 GeV
through the opening channel V!'V! — W*W~ and more
tenuously at M1 ~90 GeV through V!'V! — ZZ. Finally
at M1 ~ 125 GeV the opening of V' V! — HH take place
corresponding to the reduction of DM relic density through
s-channel Higgs boson.

One can also observe that in the case of AM =
100 GeV, for M1 below 65 GeV, DM coannihilation is
suppressed and the relic density is equal or below the
experimental limit only for large values of A; (4 > 0.1)
which are excluded by LHC limits on the invisible
Higgs decay.

Finally, it is easy to notice that for larger values of 4; the
abundance of DM decreases, however, is important to stress

that there is a slight difference for the case in which 4; takes
positives and negatives values after M1 ~ 62.5 GeV. This
behavior is due the interference effect between the s-
channel Higgs boson exchange diagram and those involv-
ing gauge bosons.

E. Direct detection limits

We consider as well whether our model is consistent with
limits coming from XENONIT [57] experiment studying
the rescaled spin independent proton-DM scattering cross
section

6-SI = (QDM/QPlanck) X GSI(VIP - le) (24)

which allows us to take into account the case when the
vector V| contribute only partially to the total amount of
DM. This approach is useful to take into account other
sources that can contribute to fulfill the DM budget. We
present the 6¢; as a function of the DM mass for several
values of 1; in the quasidegenerate and nondegenerated
scenario as we shown in Fig. 4. The green area, shown in
both plots is the excluded region from the direct detection
(DD) experiment and the soft red color in Fig. 4(a) is
excluded by LEP data.

The og; is through the t-channel with the Higgs boson as
a mediator, therefore we can notice immediately that A;
plays an important roll which is scale the strength of the
interaction between DM and nucleus of ordinary matter. In
the quasidegenerated scenario the asymptotically flat
behavior of the 6g; for My > 100 GeV can be explained
because as My take higher values, the cross section oyg; is
decreasing, however this effect is compensated by the fact
that there is more abundance of DM as the value of M is
increasing. We can check this from Fig. 3(a). On the other
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FIG. 4. Rescaled spin independent direct detection cross section 6g; versus M1 and the XENONT1 constraint for several values of 4; .

The red-shaded region in the left frame is excluded by LEP data.

hand, in the nondegenerate scenario the Qpy,h? is relatively
constant after the DM annihilation channel V'V! — HH is
opened [Fig. 3(b)], therefore, as the value of DM mass is
increasing the 6g; is taking smaller values.

F. Indirect detection limits

For indirect detection (ID) constraints, we distinguish
two dark matter mass regions. The first one corresponds to
the low mass regime, Mpy < My, which is governed by
the dark matter annihilation to fermions through a virtual
Higgs in the s-channel, mostly to V'V! — bb. However,
considering that LEP, LHC and direct detection constraints
ruled out dark matter masses in this region, we do not take
into account constraints coming from ID in this case.

MVZ = Mvt = le + 1 GeV
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FIG. 5.

The second region corresponds to both intermediate and
high mass regime of the model, M1 > My, in which the
dark matter particles annihilates mostly in the channels
Vvl - WtW-, ZZ, HH, tf. Hadronization of weak
gauge bosons and Higgs boson produces neutral pions,
which in turn decay into photons generating a gamma-ray
flux with a featureless spectrum which could be detected at
Earth. We exemplify the ID constraints for the channel
VIVl - W*W-, for being one with the bigger cross
section in the region of interest. Considering the rescaled
average annihilation cross section

(6v) = (Qpm/Lpranck) X (00), (25)
. My2 = My« = Mys + 100 GeV
10 N — - Einasto — - Planck CMB
\ . « » + Einasto2 AMS-02
N e = « Fermi-LAT
\ T
10244 N\t
—_—— S50 "
T e ./"
_ \’\r"".“ﬂ _________________
mQ 10_25—_ ..... —_ - \.\'\._._.
5
‘E 10—26_
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—_—A=1
— A =01
AL=0.01
1028 ——A =0.001 === =-0.001

10
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Rescaled average annihilation cross section versus My for V! V! — W* W~ channel. The scan was done for different values of

Ay, for the quasidegenerate (a) and nondegenerate (b) case. We considered limits coming from HESS (Einasto and Einasto2), Fermi-LAT,
AMS-02, and Planck. The gray region above shows the exclusion given by the experiments mentioned.
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when the DM relic density is less than that measured by
Planck, in Fig. 5 we show the predictions from our model
using MICROMEGAS in both cases the quasidegenerate
scenario (a) and the nondegenerate (b).

In Fig. 5 we take into account upper limits data from
gamma-ray experiments such as HESS [58] and Fermi-Lat
[59], antiprotons measurements made by AMS-02 [60], and
constraints from temperature anisotropies of the CMB by
Planck satellite [61]. In the low mass region where
My =~ My, AMS-02 and Fermi-Lat experiments are the
most sensitive to the annihilation cross section predicted by
the model. However, the exclusion is very tiny in com-
parison to the other constraints coming from diphoton rate
or direct detection. For higher dark matter masses, none of
the experiments are sensitive enough to explore the
predictions on (ov). However, it seems that HESS will
be able soon to prove the predictions of our model at the
TeV mass scale. Therefore, ID does not put any significant
constraint on the model until now.

V. DARK MATTER PHENOMENOLOGY

The previous description provides us with a qualitative
overview of the parameter space. However, in order to have
a deeper understanding of the model we perform a random
scan using 7 million points of the most relevant parameters
that have direct interference in the phenomenology of dark
matter. The range of the parameters used in the scan can be
summarized in Table I.

The result of our scan is presented in Fig. 6 where
we show several plots with 2-D projections of the 4-
dimensional parameter space as a color map of DM relic
density. We considered the parameter space without any
theoretical or experimental constraint in the first row, and
then, in the second row we took into account perturbativity
(12), LEP limits (13), (14), and (15), Higgs decay into two

TABLE 1. Range of the 4-dimensional parameter space.
Parameter Min value Max value
My [GeV] 10 2000
M2 [GeV] 10 2000
M- [GeV] 10 2000
AL -12 12

photons (18), invisible Higgs decay (19), overabundance
DM relic density (23) XenonIT direct detection and finally
HESS, Fermi-Lat, AMS-02, and CMB indirect detection
constraints.

As we explained previously, and without losing general-
ity, we work in the region where M1 < My~ and therefore
A4 > 0. For this reason we exclude the region M1 > M
as we can see from the gray region in Fig. 6(b).

The different pattern of colors represents the amount of
DM that the model is capable of explaining considering a
thermal production mechanism, where the dark red color in
the low DM mass region (M1 <45 GeV) of Fig. 6(a,b)
represents overabundance which we consider as nonphysi-
cal. The dark blue colors are the regions with extreme
underabundance of DM, which is more accentuated for
large values of 4; in the zone where M1 > My /2 after the
respective annihilation channels (WW, ZZ and HH) are
progressively opened, reflecting the same pattern shown
previously in Fig. 3.

Looking at Fig. 6(a,b), the resonant annihilation through
the Higgs boson is easily recognized by the vertical sepa-
ration around M1 ~ 62.5 GeV where a steep break in the
color pattern can be seen, changing from a light green to a
dark blue. We can also notice the resonant (co)annihilation
through the Z boson in the plane (M1, M) of Fig. 6(b) at
the region M1 = M2 ~ 45 GeV.

Taking into account perturbative restrictions, the region
of the parameter space that shows an important mass
difference between M1 and M. is excluded since this
large difference increases the values of the quartic coupling
beyond the allowed value set by (12). This effect can be
seen clearly in Fig. 6(d) where the region with M. >
900 GeV for M1 < 500 GeV is excluded. Only when the
mass difference becomes relatively small, M. can admit
larger values.

By incorporating the restrictions coming from Higgs
invisible decay almost all the parameter space for My <
My /2 disappears with exception of a very narrow region
where A; parameter take small values (4; < 0.02). This
happens because the dominant annihilation channel is
through the Higgs boson exchange.

The Higgs diphoton rate (18) introduces strong restric-
tions on the parameter space especially for negative values
of A; . We can see that restriction in the Fig. 6(c) where 4; is

TABLE II. Total cross section (fb) for pp — X + E, (X = j, Z, H) with A3s(4,) = 0.1, NNPDF23 lo
as_0130_ged (proton) as a PDF, and p%X > 100 GeV. Here, the missing energy is due to the production of

ViV, V1V,, and V,V,. The same for the scalar case.

Model i2HDM DVDM
Mass (GeV) 100 500 800 100 500 800

Mono-j 1.9 x 10! 6.6 x 1072 6.4 x 1073 7.3 x 10° 6.2 4.5x 107!
Mono-Z 3.7 x 107! 2.9 x 1073 3.1x 1074 7.3 x 102 4.1 % 107! 2.8 x 1072
Mono-H 1.0 x 1072 2.0x107? 2.2 %1070 3.0 x 102 3.1x 1073 9.7 x 107°
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FIG. 6. 2-D projections of the 4-dimensional parameter space presented as a color map of Qpy A2 in two different planes: (M1, ;)
plane for Fig. (a,c) and (M1, M) plane for Fig. (b,d). In the first row we present the parameter space without any constraint and in the
second one we applied all the theoretical and experimental constraints with the exception of DM underabundance.

limited from below through the parabolic shape as we
increase the values of My:. The diphoton rate depend
explicitly on 4, = 4, +2(M}, — M} .)/v*, where the dif-
ference of squared masses is always negative because
My < My, therefore when the mass difference is large
and 1, takes high negative values, the parameter 4, grows
in demacy, causing a great deviation from the experimental
value of p'7, this can also be seen as well in Fig. 2(b).
The additional constraint from XENONIT DD experi-
ments removes part of the parameter space contained
between 63 < M1 < 125 GeV where the direct detection
rate is more sensitive. This affects the region for positive
and negative values of 4;, however the negative part was
removed previously by the Higgs diphoton rate constraint
as we can see from Fig. 6(c). The scattering cross section
between V| and nuclei is through the t-channel with the
Higgs boson as a mediator, therefore it depends explicitly
on the parameter /; . For large values of 4; the abundance of
DM is low, but not low enough to suppress the DM
detection rate through DD signal. Only when 4, is small
(£0.02), the region between 90 < M1 < 200 GeV of the
parameter space is able to bypass the limits of direct

detection. When we move to a high DM mass region
(M1 2 200 GeV), where the DD rate is less sensitive, we
still have an excluded region with parabolic shape that is
only reached for large values of ;. It produces a clear
division between a low density of DM zone with the rest of
the parameter space. However, in the case of high degen-
eracy among the vector masses for the region M >
900 GeV the DD rate is able to restrict parameter space
for values of 4; up to 1, as we will see later in the next
subsection.

A. Vector dark matter as the only source

In the previous paragraphs, we considered experimental
and theoretical constraints in our parameter space but we
maintained the assumption that our DM candidate contrib-
utes partially to the DM budget, therefore we relaxed the
lower limit on the relic density give by Planck. Here, we
show how the model can completely explain the abundance
of DM for some special region of the parameter space
taking into account both upper and lower Planck limits at
le (23). For that reason, in Fig. 7 we present a 2D
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FIG. 7. 2-D projections of the parameter space in two different planes. In here all the points fit the Planck relic abundance, however
only the red points survive all the restrictions. In (a) and (b) we show the full scan with masses between 10 and 2000 GeV, and a zoomed

version of the low mass region is shown in (c).

projection of the 4-dimensional parameter space for the
planes (My:1,4;) and (M1, M,2), where we show all the
points which can saturate the Planck limit but only the red
points surviving all the restrictions mentioned above, and
the other color points specifying which restriction
excludes them.

There are two regions where the vector DM can satisfy
the relic density constraints. The first one happens in the
low DM mass region between 10 < M1 < 80 GeV, how-
ever this zone is complete excluded by the experimental
constraints. As we showed previously in Sec. IVA, the
production cross section for vectors present an enhance-
ment due to their longitudinal polarization in comparison
with the scalar case (i2ZHDM model), therefore the recast
limits coming from LEP-II, the blue points, are more
restrictive in our model than in the i2ZHDM, allowing just
a narrow region close to the LEP energy threshold (1).
Besides this, when M1 < My/2 the restrictions coming
from the invisible Higgs decay are extremely strong and
only those cases where A; < 1072 can survive the restric-
tions coming from (19). The black points of Fig. 7 show the
exclusion region by this constrain below 55 GeV where the

values of 1; take greater values. On the other hand, direct
detection constraints are more sensitive in the low DM
mass region, therefore only values for 4; ~ 0 are compat-
ible with this constraint. The light grey points are excluded
by DD and only a small corridor between 55 < My <
63 GeV and 72 < My, < 76 GeV is allowed. Finally, the
remaining points in the lower DM mass region are excluded
by the restrictions from H — yy. In this narrow region
when 4; is very near to zero the mass difference between
V, and V* can be high enough to increase the value of 1,
and then increasing the diphoton rate beyond the allowed
by the experimental data given by (18). Therefore, the low
dark matter mass is completely excluded by the current
experimental data.

The DM mass region which survive after all the
experimental restrictions is located at the high DM mass
zone, i.e., M1 2 840 GeV, as we can see from Fig. 7. This
result contrasts with the one found in Refs. [29,30] where
the dark vector can only explain partially the DM relic
abundance, at least below the TeV scale. One of the most
important features of this regions is the high level of
degeneracy between the vector masses showed in the plane
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(M1, M) of Fig. 7(b), where the mass splitting does not
exceed ~20 GeV.

Despite the fact that the direct detection experiment is
less sensitive in the zone of high DM mass, the XENONI1T
constraints are still able to exclude parameter space for
Ar 2 0.3 in this zone. As the value of M increases and DD
loses sensibility, the allowed region becomes bigger, and
higher 4; values are allowed. This is appreciated as the gray
region for M1 = 840 GeV in Fig. 7(a).

As M, increases in this scenario of high degeneracy, 4,
can take more and more great values. However, when the
DM mass is approaching much higher mass (~10 TeV), 4,
starts to be outside the perturbativity constraints (12). Now,
with this value of 4;, the difference of masses among DM
and the other vectors can only reach up to 20 GeV, after
that point the quartic couplings become too large making
the effective DM annihilation cross section fall below the
experimental value of Planck. This completely closes the
parameter space of the model as we can see from Fig. 8.

B. Dark matter production at the LHC

The DM double production associated with either
monojet j, mono-Z or a mono-H are signals expected to
be seen at the LHC in the context of dark matter searches.
Due to the similarities in the topology of these processes
between our model and the well-known inert-two-Higgs-
doublet-model (i2HDM) [33,37], we compare the parton
level distribution cross section and the missing transverse
energy shape in mono-X (j, Z, H) processes.4 The
calculations were made with CALCHEP package, using
NNPDF23_lo_as_0130_ged (proton) as a parton

“Detailed analysis of DM production at LHC considering
theses processes in the i2ZHDM, see [37], and a more fine analysis
for monojet signature at the LHC, see [55].
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Closing of the parameter space at high values of My and 4; in a quasidegenerate scenario.

Mono-X (jet,Z, H) total cross section at LHC@13TeV
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FIG.9. Mono-X (Z, j, H) cross section as a function of the DM
mass. The dashed lines correspond to the scalar case (i2ZHDM)
and the continuous one to the vectorial one (DVDM).

distribution function, and a generic transverse momentum
cut of 100 GeV on each of the SM particles.

In Fig. 9 we show the total cross section for the
aforementioned processes as a function of the DM mass
in both models for LHC@13 TeV. The continuous lines
correspond to the case of vector DM (DVDM), whereas the
dashed lines to the scalar case (i2HDM). All the processes
consider the quasidegenerate mass scenario AM = 1 and
A345 </1L) =1

Because the topology of the Feynman diagrams in both
models are exactly the same in all the processes studied
here,” the differences lie mainly in the spin of the final

>The additional scalar states in the i2HDM are equivalent to
the DVDM model, just do the replacement V'? — h;, and
VE >t
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FIG. 10. Normalized differential missing transverse energy cross section for the processes pp — X + E (X = j, Z, H) in i2HDM and
DVDM. The dashed lines correspond to the predictions of the i2ZHDM and the continuous one in the DVDM. All the plots contain
different DM mass: 100, 500 and 800 GeV, in the quasidegenerate case, i.e., AM = 1 GeV, Ays5(4;) = 0.1, and at \/s = 13 TeV LHC
energies. A pyx > 100 GeV cut has been applied in all the plots.

states. The dependence of the cross section on the DM mass
is similar in both cases. However the vector case is scaled
up over the scalar one by, roughly, two orders of magnitude.
This vector cross section enhancement is due to the fact that
the longitudinal polarization of vectors scale as ~E/My,
implying that the production matrix element receive a
significant enhancement in the region of phase space where
the DM state is relativistic and either one or both particles
are longitudinally polarized.

On the other hand, in Fig. 10 we show the normalized
missing transverse energy distribution cross section of each
one of the processes at parton level, considering the same
mass splitting AM =1 GeV and 4; = 0.1. In each chan-
nel, the distributions for the vector case are always flattened
with respect to the scalar ones. This behavior is in agree-
ment with the results presented in [6]. Furthermore, the
differences in the shapes are more notorious in the cases in

which the new state masses are lower. Considering that
monojet signals have the higher cross sections, we comple-
ment the analysis with the invariant mass distribution of the
DM pairs. In Fig. 11 we present M;,, (DM, DM) distribu-
tions for the scalar and vector cases in the monojet case,
again normalized to unity for /s = 13 TeV LHC energies.
From Fig. 11, one can see that the M, (DM,DM)
distributions are better separated for higher masses of
scalars and vectors. The scalar distributions are closer to
the point M;,,(DM, DM) = 2Mpy;, whereas the vectorial
ones distributions are broader.

VI. PERTURBATIVE UNITARITY

Having shown that our model can provide a viable dark
matter candidate, we want to discuss the validity range of
our effective approach. The main theoretical challenge
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Normalized invariant mass distribution
for mono-jet at LHC@13TeV
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FIG. 11. Invariant mass of DM pair distributions normalized to

unity for monojet in both i2HDM (dashed) and DVDM (con-
tinuous) at 13 TeV LHC energy. All the results are considering
A345(4,) = 0.1, in the quasidegenerate case, i.e., AM =1 GeV.

faced by our construction is the eventual violation of
perturbative unitarity introduced by the new massive vector
states. To this aim, we study the amplitudes, in the high
energy regime, of representative and potentially problem-
atic processes like hV! — hV! and ZV* — ZV*,

In Fig. 12(a) is shown the maximum energy scale at
which the process AV! — hV! is valid until perturbative
unitarity starts to be violated. As A; gets smaller the bigger
is the scale energy before the breaking of perturbative
unitarity. Additionally, the bound on the energy gets relax
as M raises too. For values of M1 below 100 GeV
the scale of unitarity violation is mostly constant and of the
order of a few TeVs, whereas for higher masses the
dependence on 4; starts to grow, making our model
consistent at scales as high as 10 TeV for small values
of 1;. Therefore, from the point of view of unitarity, our
construction is perfectly safe for masses of the DM
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—104i
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FIG. 12.

candidate above 200 GeV specially when 4; to is small.
We want to remark that the phenomenologically interesting
region of the space parameter, where our DM candidate
saturates the relic density, belongs to the unitarity safe zone.

In Fig. 12(b) is shown the maximum energy scale in the
plane (1,, M) at which the process Z, Vi — Z, Vi is
valid until perturbative unitarity is violated. At masses near
100 GeV and /; close to zero, the maximum energy values
allowed by perturbative unitarity rises easily above 5 TeV.
On the other hand, for values of M= near 1 TeV, the scale
of unitarity violation is of the order of 3 TeV.

These results are consistent with unitarity analysis of
some vector dark matter models [19,28] and it suggests that
our effective model must meet an ultraviolet completion at
a scale between 3 and 10 TeV. For instance, one of the
simplest ways to restore unitarity is to embed our model
into a larger gauge symmetry spontaneously broken by a
new scalar sector [62]. In this sense, our model can be
considered as a simplified model [12], retaining just the
lightest states predicted in this scenario, and pushing the
required new states at scales above the vectorial ones.

VII. CONCLUSIONS

Unlike most of extensions to the Standard Model which
consider new massive vector fields as singlets or triplets
under SU(2), gauge group, in this work we have explored
a different possibility. The new vector degrees of freedom
enter into the SM in the fundamental representation of
SU(2),, with hypercharge Y = 1/2. Unlike the vector
triplet case, our model accepts a potential composed of
many terms coupling the new vector to the Higgs doublet
with independent coupling constants. This feature makes
the model more similar to the i2ZHDM than to models with
vector triplets. Additionally, due to the quantum numbers
assigned to the new vector, it is impossible to couple it to
standard fermions through renormalizable operator. The
model acquires a Z, symmetry in the limit in which the
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(a) Maximum energy-scale A until the process hV! — hV! starts to violate perturbative unitarity. (b) Maximum energy-scale

A until the process ZV* — ZV* starts to violate perturbative unitarity.
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only nonstandard dimension three operator is eliminated.
This choice is natural in the sense of t"Hooft and allows the
neutral vector V! to be a good dark matter candidate.

We have performed a detailed analysis constraining the
model through LEP and LHC data, DM relic density, direct
and indirect DM detection. We found that the main
experimental constraints are imposed by recent measure-
ment of H — yy (mainly when the V! is light) and data on
direct search of DM obtained by XENONIT.

After imposing all the experimental constraints, we
found that for a range of masses between 840 < M1 <
10* GeV in the highly degenerate case where AM <
20 GeV the lightest neutral component of the doublet
can reach the relic density measurements (23), surviving
all the experimental constraints. This contrasts with other
electroweak vector multiplet models, where the saturation
value for DM is above the TeV scale (see, e.g., [28,31]), or
other models where the dark vector component never reach
the DM budget (see, e.g., [29,30]). Furthermore, if we relax
the lower Planck limit (23) allowing additional sources of
dark matter, there is an important sector of the parameter
space for M1 = 100 GeV that it is still not possible to rule
out with the current experiments.

At this point, we want to dedicate some sentences to
compare our construction to the recently proposed minimal
vector dark matter model (MVDM) [28]. In both models,
the dark matter candidate is a component of a vector field
transforming a nontrivial representation of SU(2),: the
adjoint representation in the case of MVDM and the
fundamental one in our case. The difference in the field
representation makes a significant separation between the
two models. The most evident one is related to the number
of new vector states (three for the MVDM and four in our
case). But more important is what happens with the
potential in the Higgs—massive-vector sector. In the
MVDM this sector is extremely simple, contributing with
only one term to the Lagrangian and only one of the two
free parameters of the model. In our case, the scalar-vector
potential is richer with three free parameters. This is, in
part, the origin of the different ultraviolet behavior reflected
in the scale of unitarity violation which is systematically
larger in the MVDM. In fact, the structure of the potential
of our model makes it more closely related to the i2ZHDM
than to the MVDM making harder to differentiate our
model from the former than from the latter.

In view of the similarities between i2HDM with our
model, we compared the parton level cross section and the
normalized missing energy differential cross section for
mono-X(jet,Z,H). Mono-X cross sections get enhanced in
the vectorial case due to their growing energy behavior of
their final state longitudinal polarization. The shapes of the
distribution of missing energy results to be flatter in the
vectorial cases. This feature may help to distinguish
between our model and the i2ZHDM.

Finally, as a complement to this work, we have shown
some results of perturbative unitarity bounds on some
scattering amplitudes involving the new states. Our analysis
suggests that our effective approach needs an ultraviolet
completion at a scale of the order of 3 to 10 TeV.
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APPENDIX: MORE ON PARTIAL
WAVES AMPLITUDES

In this Appendix we complement the results of the analysis
presented in Sec. VI with more details. Additionally, we
make some comments about perturbative unitarity on self-
interaction amplitudes (VV — VV, for V. = V! V2 or V*).

In Fig. 13 is shown the value of the scale of perturbative
unitarity violation (A) for the process hV'! — hV! in the
planes (My1,M2), (My1, M), and (M2, M), respec-
tively. In Table III we resume the zero partial wave for the
three possible elastic scattering of this type. In concordance
with the information given by Fig. 12(a), for lower masses
(<200 GeV), the values of A are located around the TeV
energy scale for most of the masses combinations allowed
by experimental constrains. For higher masses, A stars to
grow for most of possible combination of masses, and there
is a slightly raising in the energy as the degeneracy among
the three states becomes similar.

On the other hand, in Fig. 14 we present different plots
showing the values of A for the process ZV* — ZV*. In
this case, the degeneracy of the states do not show any
raising in the maximum allowed energy value. According
to what is shown in Fig. 12(b), as the masses get near the
TeV scale, A gets a constant value near 4 TeV, making this
process more stringent for masses above ~500 GeV than
the previous one with the Higgs involved.

Finally, we make some comments about the V; +V; —
V; + V. amplitudes, for V = V!, V2, and V*. These proc-
esses may introduce strong constraints on the energy scale at
which perturbative unitarity breaks down. For example, let us
first consider the process V} + V) — VI + V}. Its zero
partial wave is
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FIG. 13. Maximum allowed energy A by perturbative unitarity bounds on 4V — AV' amplitude. The plots are projected in the planes

(My1, My2) (a), (My1, My:) (b), and (M2, My:) (c).

aos) :gz (a2 +a3)(36M, —24M2, s +55%) + 1847 M3 M5,
967192M“‘/l
(A1)

where @, and a3 are the self-couplings among the new states
[see (2)]. The strong growing energy behavior of the partial
wave (ag ~ E*) makes that perturbative unitarity breaks

TABLE III. Partial waves for hV — hV elastic tree level
scatterings processes. Each of the three processes contain a
contact diagram.

Process s-cha t-cha Partial wave (a)
hV' — V! 14 H, V! s s
” - 64n?w2v1 1+ Zg_%M%Z
V2 = hV? vio oV g (14240
’ 64an/2 7 M%/Z
hVE - hV* v H, V* os b M,
” ~gamre, \1 T2 g_% M2,

down at very low energies for typical masses of a few
hundred GeV. For example, for M1 = 100 GeV, 1, =1
and a; = a, = 1, the breaking of perturbative unitarity is
reached at energy scales less than 250 GeV. Interestingly, the
growing energy behavior disappears when a; = —a,.
However, under this last condition, the amplitude VZ +
Vi — V§ + V7 still grows with the energy as s> ~ E*:

G (9(1 = 2¢2)*M3ys — 4cds?) + 48¢h M3 Ay s
1536zg% i, M7, '

aop(s) =
(A2)

where 4, is a function of A, , M1, and M= [see Eq. (9)], and
the lost of perturbative unitarity starts to be around 3 TeV.
Therefore, it seems impossible to get rid of the growing
energy behavior with an arbitrarily choose of the free
parameters. As we have pointed out in Sec. VI, a possible
solution to this problem is to establish the model from a
gauge theory in order to generate a gauge cancellation among
the s- and #- channels and the contact graph [65].
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