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We reanalyze the effective field theory (EFT) approach for the scenario in which the particles that
account for the dark matter (DM) in the universe are vector states that interact only through the Standard
Model-like Higgs boson. These DM particles are searched for in direct and indirect detection in
astrophysical experiments and in invisible Higgs decays at the LHC. The constraints obtained in these two
search types are complementary and correlated. In recent years, it has been advocated that the EFT
approach is problematic for small DM mass and that it does not capture all the aspects of vector DM; one
should thus rather interpret the searches in ultraviolet complete theories that are more realistic. In this paper,
we show that a more appropriate definition of the EFT with the introduction of an effective new physics
scale parameter, can encompass such issues. We illustrate this by matching the EFT to two examples of
ultraviolet completions for it: the U(1) model with a dark photon and a model that was recently adopted by
the LHC experiments in which vectorlike fermions generate an effective interaction between the Higgs and
the DM states at the one-loop level. Additionally, we find that the region of parameter space that is relevant
for DM phenomenology is well inside the range of validity of the EFT. It thus provides a general
parametrization of the effects of any ultraviolet model in the regime under exploration, making it the ideal

framework for model-independent analyses of the vector DM Higgs-portal.

DOI: 10.1103/PhysRevD.109.075005

I. INTRODUCTION

The search for the weakly interacting massive neutral
particles that form the dark matter (DM) in the Universe
[1,2] is one of the main items in the program of various
astroparticle and collider physics experiments. This is
particularly true in the class of models in which these
DM particles interact only through their couplings with the
Higgs sector, the so-called Higgs-portal DM models [3] as
they can be probed not only through Higgs exchange in
DM detection in astrophysical experiments but also at the
CERN LHC in invisible decays of Higgs bosons. In the
simplest case where only the already observed Higgs
particle [4,5] is present, the Standard Model (SM) can
be minimally extended by a DM particle that is isosinglet
under the electroweak group but which can have the three
possible assignments spin-0, spin-1 and spin—%. In the
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scalar, vector and fermionic cases, a rather simple effective
field theory (EFT) approach can be adopted to describe the
properties of the dark particle [6-8] with the advantage of
having only two extra parameters in addition to the SM
ones, namely the mass of the DM state and its coupling to
the Higgs boson.

Such a minimal EFT has been investigated extensively
and its predictions have been compared with the results of
e.g. direct DM detection in experiments such as XENONI1T
[9] and in searches for Higgs decays into DM pairs at the
LHC [10,11]. In fact, it turns out that the LHC constraints
on the DM states from the invisible Higgs decay width can
be directly compared to the limits on the elastic scattering
cross section of the DM with nuclei obtained in experi-
ments such as XENONIT. The ATLAS and CMS collab-
orations are currently making extensive use of this
correlation in the interpretation of their results.

Alas, as any other EFT, this approach has a built-in
shortcoming: the Higgs-portal models are not complete in
the ultraviolet (UV) regime in both the fermionic and vector
DM cases. UV-completeness usually involves additional
degrees of freedom which makes it so that, in principle,
the complementarity between astroparticle and collider
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constraints cannot be established in the most general case.
It was concluded that, at least in the vectorial DM case, the
simple and model-independent EFT approach cannot be used
and, instead, one has to investigate the specific and more
complex UV-complete models.

This problem might seem to be particularly severe in the
vector DM case [12—14] for two reasons. First, for constant
Higgs-DM coupling, the EFT becomes unreliable at small
DM masses My. This is because perturbative unitarity is
broken at an energy scale that depends linearly on M.
Second, for such mass values, the invisible Higgs decay
width becomes much larger than experimentally allowed.
Thus, even in the limit in which the new degrees of freedom
of the UV-complete theory can be made phenomenologi-
cally irrelevant and the theory provides the same descrip-
tion as the EFT, which has been shown to be indeed the
case in Refs. [15,16], it could appear that the EFT approach
in the vector DM case should not be used in principle
[12—-14]. This argument has been endorsed by the LHC
collaborations which, in their latest analyses of invisible
Higgs decays and their correlation with DM experiments,
removed the case of the EFT with vector DM [11,17-19] in
the comparison or included also some UV-complete cases
for illustration [10].

In this note, we show that these problems do not arise on
a closer examination of the EFT. The key point is that the
DM-Higgs-portal coupling 1y is not independent of the
new physics scale A. In fact, Ayyy o« M3 /A%, making it
clear that, if the new physics scale is kept constant and high
enough (e.g., at a few TeV), the coupling gy must be
small when My, is small. In this way, the two problems at
small DM mass mentioned above are avoided, since in the
limit of small My both the invisible Higgs width and the
cross sections of the DM processes will be under control
through 1/A* dampening factors.

We illustrate this feature by matching the EFT to the two
examples of ultraviolet complete models that are now used
as benchmarks by the LHC collaborations: the U(1) gauge
model [12,20,21] the DM being the dark photon and a
model in which an effective Higgs-DM interaction is
radiatively generated by vector-like fermions at the one-
loop level [22].

The EFT we consider is similar to the Higgs effective
field theory (HEFT) [23-25]. The HEFT parametrizes
deviations from the SM in which the electroweak symmetry
is realized nonlinearly. Both theories contain massive
vectors (which are the Z and W bosons in the case of
the HEFT) without the Higgs mechanism, and feature
perturbative unitarity violation at a scale proportional to the
mass of these vectors. The power-counting scheme we use
in this work is a simplified version of the natural power-
counting of the HEFT [26]. An important difference
between the two EFTSs is the Abelian nature of the vector
DM EFT that we consider here, in contrast with the non-
Abelian electroweak symmetry of the EFT. As it will be

discussed in Sec. I, this allows the cutoff scale of our EFT
to be arbitrarily large, which is not possible in the HEFT.

II. THE EFT APPROACH AND ITS LIMITATIONS

The effective Higgs-portal scenario has been formulated
for the spin-0, spin—% as well as for the spin-1 DM cases, see
Ref. [3] for a review. Assuming CP-conserving inter-
actions, the latter case is described by the following
effective Lagrangian [7,20]

1 1 1
Ly =--0,V,0'V’ +-0,V, 0" V¥ —|—§m%,VﬂV”

2k 2k
1 1 _
+ Z/IV(VﬂV”)Z + Z/IHVVdﬂ(I)VﬂV”, (1)

where @ is the SM Higgs doublet field and V,, the DM
vector field; the (V,V¥)* term is not essential for our
discussion and can be ignored. After electroweak sym-
metry-breaking, the original field ® is decomposed as
(0, v + H)"/+/2 with v = 246 GeV, inducing the trilinear
interaction HV'V between the physical H state and DM
pairs, and the DM mass term,

1
M5, = my, + Zﬂﬁvvvz. (2)

The vector Higgs-portal model formulated above is
extremely simple and predictive, featuring only My and
Agvy as free parameters. For such a reason, together with its
counterparts with spin-0 and 1 DM, is a popular benchmark
for experimental studies. The [My, Agyy] plane is mostly
constrained by DM direct detection, with the world leading
limit provided at the moment by the LZ collaboration [27]
(notice a very similar limit given as well by XENONnT
[28]) and, in the regime My < %MH, by searches of
invisible decays of the SM-like H boson which set
the 95% C.L. constraint BR(H — VV) = BR(H — inv) <
10.7% set by the ATLAS collaboration [10]. An additional
constraint can be achieved by requiring that the V candidate
accounts for the whole DM component of the Universe,
generated via the freeze-out mechanism. This latter con-
strain should be taken with more grain-of-salt as it might be
overcome by considering e.g. modified cosmological
scenarios or assuming that the DM state is not stable on
cosmological scales and/or does not account for the entire
DM in the Universe; see Ref. [3] for a discussion. Finally,
the DM annihilation processes into SM fermions might
occur at present times with a rate capable of producing
experimentally detectable indirect signals. The correspond-
ing limit are usually subdominant with respect to direct
detection experiments and, hence, will not be reported
explicitly in this work.

Nevertheless, two arguments have been raised against
this scenario. We summarize them below referring to the
original references [12—-14] for a more detailed discussion.
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Left: combination of DM constraints for the EFT Higgs-portal for vector DM in the [My, Agyy] plane. The gray region

corresponds to BR(H — inv) > 0.10 [10] the green region is excluded by perturbative unitarity. The red isocontour corresponds to the
correct relic density assuming the freeze-out paradigm while the blue regions is excluded by direct detection constraints. Right: the
correlation plot between collider and astrophysical searches for the EFT vector DM Higgs-portal. The red area corresponds to the region
excluded by LHC, while the dot-dashed line correspond to the limit from LZ and the one for a light DM from XENONI1T and the purple
dot-dashed line corresponds to the projected sensitivity of the DARWIN experiment. Again, the region marked in green represents the

one excluded by the perturbative unitarity constraint.

A first argument concerns the invisible decay rate of the
SM-like Higgs boson into DM pairs, I'y,, = ['(H — VV),
which can be written in the EFT approach as

Hiy 0°Mjy (1 + 12M—:4Y) (
MH
(3)

512zM3,
As it is clear from the previous equation, in the EFT
approach where Ayyy and My are in principle independent
parameters, the Higgs partial decay width into DM can be
very large and even diverges in the limit My — 0. This
results from the effect of the longitudinal degrees of
freedom of the vector DM as will be discussed in some
detail later. The LHC constraints on the invisible branching
ratio then translate into a limit on the coupling Ayyy for
each value of My. The excluded region in the [My, Azyv]
plane is displayed as the gray area in the left panel of Fig. 1.
The constraint is extremely strongl and excludes Higgs-
DM couplings below the value Ay &~ 107 for DM masses

below My ~5 GeV.
A second argument raised in Ref. [14] is that the
vectorial DM Higgs-portal scenario is subject to the
theoretical constraints of perturbative unitarity on scattering

_4M5
M3

2\ 1/2
Diny |EFT = 4MZV .
My

"t is noted in Ref. [14] that when the (unphysical) mass
parameter my in Eq. (2) vanishes, one would have the relation
Anvy = 2My /v between the mass of the DM and its coupling to
the Higgs boson. In this case, the invisible Higgs decay width
becomes constant and in the limit my, = 0 will be given by
IEFT = M3, /(3270%) &~ 320 MeV, which is (by far) excluded by
the LHC experiments. This simply means that while this option is

allowed by perturbative unitarity, it is excluded experimentally.

processes. One of such pr00685652 is VV = VV which
proceeds via H-boson exchange for which one can obtain
the simple relation between the DM mass and HVV
coupling [20]

Arvy v

V16rx

My >

M
or AHVV <V 1671'—‘/, (4)
v

which forbids low DM masses My, at large Ayyy couplings.
This is also exemplified in the left panel of Fig. 1 in which the
green area shows the region that is excluded by the perturba-
tive unitarity constraint. One can see, in particular, that the
effective Higgs-portal with a vector DM does not provide a
consistent description for masses My <50 GeV when
Agvy 2 1. This constraint is, however, relaxed for smaller
Higgs couplings and masses My =~ 1 GeV would be allowed
for Ayyy 2 0.1. For extremely small mass values very tiny
Agvy couplings would be required. Note that this theoretical
constraint is superseded, by far, by the experimental one from
the BR(H — inv) measurement at the LHC.

In the left panel of Fig. 1, together with the Higgs and
theoretical constraints, we have also included some DM
constraints. The red isocontour corresponds to the area in
which the correct DM relic density, as measured by the Planck
satellite [31], is achieved. The blue region corresponds to
the exclusion from DM direct detection experiments, which

%A similar problem occurs e.g. in associated production with a
Z boson of an off-shell Higgs boson which then decays into two
DM particles. Again, because of the longitudinal V component,
the cross section is inversely proportional to the mass My [29,30]
and, hence, would violate unitarity for very small values.
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has been obtained by combining the current world leading
limits on spin-independent interaction given by the LZ
experiment [27] and by a dedicated analysis of the
XENONIT experiment [32].

In the EFT Higgs-portal, the invisible branching fraction
of the H boson and the DM scattering cross-section over
|

M> BR(H — VV)I'Y

nucleons, are proportional to the same coupling Agyy. It is
then possible to reexpress the DM scattering cross section

6%} in terms of the invisible Higgs branching fraction

BR(H - VV)=T(H — VV)/T%" with I')J' being the total
H width. One then would have the following correlation
function:

lm2

U§/I}7|EFT = 32/1%/;; M3 =
H

where uy, = Mym,/(My + m,) is the DM-proton re-
duced mass. By fixing the value of BR(H — VV) to its
experimental bound, it is possible to draw a line in the
[My,0y'] plane and compare it with the bounds from
dedicated astrophysical experiments.

Such a correlation plot in the [My, oy, p] plane is shown in
the right panel of Fig. 1. The red area corresponds to the
region excluded by the invisible Higgs branching ratio
constraint BR(H — inv) < 0.10 [10]. The dot-dashed lines
correspond to the leading limit from the LZ experiment [27]
and the one from a dedicated XENON1T measurement [32]
to probe light DM particles, while the purple dot-dashed
line corresponds to the higher sensitivity projected by the
DARWIN experiment [33]. Here again, we display the
region (marked in green) excluded by the perturbative
unitarity constraint. It is important to notice that in this
correlation, the coupling Ay does not appear.

In view of this analysis, it is clear that the EFT is
predictive and well inside its range of validity for the
relevant region of parameter space. However, a more
careful inspection of the EFT validity and limitations is
required in order to address the two concerns raised above,
about the low-mass limit and unitarity violation. This can
be done by examining the high-energy behavior it generates
for various observables. It should be noted that this
information is partially hidden in the expression of the
Lagrangian Eq. (1), which has the appearance of a
renormalizable theory, as it only contains operators of
dimension 4 or less, and no explicit cutoff scales are
present. Nevertheless, perturbative unitarity is violated at
high energies and so the theory is not truly renormalizable.

This is well-known to be due to the growth in energy of
the longitudinal polarization vector ¢; and propagator A of
a vector state with four-momentum p = (E, |p|)

20 = (31,0077,

i PuPy
A = - . 6

The effective nature of the theory can be made more
explicit using the Stueckelberg formulation, which

AM2 M3, + 12M% ) MA) (1 = aM2 | M2) 2 M3, v

— 1fpl (5)

|
describes the same physics, and we briefly review it here.
In this formulation, an additional scalar field 0 is introduced
together with a U(1) gauge symmetry, ensuring that the
number of degrees of freedom of the theory is preserved.
The gauge transformations @ act nonlinearly on 6, as

V,=>V,- o, 0—0+Myo. (7)
The Stueckelberg Lagrangian is constructed by replacing
V, in the original Lagrangian with the gauge-invariant
quantity

V,=V,—0,0/My, (8)
and is thus gauge invariant itself. The normalization of My,
in front of the gauge transformation for @ (and thus the
1/My in the replacement for V) is such that the kinetic
term for € is canonically normalized. The theory now
contains effective operators of dimension larger than 4,
with coefficients proportional to inverse powers of M.
For example:

A A
EHVV — F;VV (I)“DV”V” — %‘I’TCDVP,V”

VY. gt AV gt
+ oM, 'OV, 0'0 + e O'®9,00"0. (9)

In the Lorentz gauge a,l V# = 0, the longitudinal polari-
zation is removed from V, and the vector propagator
becomes i, /(p* — My,). It is then clear that all inverse
powers of My in amplitudes must come only from the
Wilson coefficients that appear in them. That is, their
growth at high energies can be directly read from the
Lagrangian. For example, the fastest-growing contribution
to the scattering amplitude for V;V; - HH will be
proportional to the coefficient of the last term of Eq. (9):

s
M(VLVL _’HH>N/1HVVW, (10)

4
so that the scale of perturbative unitarity violation must

be A~ My/\/Ayyy. For a perturbative coupling Agyy <
O(1), we have A = My, which ensures the consistency of

075005-4



ITERATION ON THE HIGGS PORTAL FOR VECTOR DARK ...

PHYS. REV. D 109, 075005 (2024)

the theory, as it must be valid at least up to energies around
the masses of the particles it contains.

A “natural” value of Ay of order unity leads to a cutoff
A that is close to M. However, the separation between
these two scales can be made arbitrarily large by making
Agyy small. It is then convenient to trade the free parameter
Agyy for the cutoff A by replacing Agyy by M3 /A2
Alternatively, one may keep an adimensional Ay free
parameter and make the dependence on the mass My
explicit by introducing A, fixing it at a typical new physics
scale (e.g. A =1 TeV) and defining

_ M?
/IHVV :ﬂHVVA—;/- (11)

At this point, it should be noted that there is a crucial
difference between the setting we are considering, and
other EFTs for massive vectors such as the HEFT [23-25],
in which the nonlinearly realized gauge symmetry is non-
Abelian. In the latter case, the cutoff scale cannot be made
arbitrarily large. To see this, consider the non-Abelian
analog to the ), vector, which is the combination D,U
where U = ¢"?// is a unitary matrix, t* are the broken
generators, 6 are the would-be Goldstones, and f is a scale
proportional to the vector mass with a numerical coef-
ficient. From the leading term in the EFT,

2
%Vﬂw « f2te[D,UT DU, (12)

one gets a tower of unitarity-violating interactions of 6%,
whose coefficients are fixed in terms of my. The corre-
sponding cutoff is then also fixed, and close to my [34-36].
This is avoided in the vector DM case we consider because,
for an Abelian symmetry, the leading operator above
becomes just the kinetic term for € and the mass term
for V, with all the corresponding interactions turned off.

The observables of the theory are the same in both
formulations Egs. (1) and (9), so we can make use of the
expressions we have computed for them above, and
perform this replacement in them. The invisible decay
width of the Higgs I';,, turns out to be proportional to 1/A%,
and thus small for sufficiently large A values.

In summary, as for any other effective theory, the EFT for
the vector DM Higgs-portal scenario described here is not
renormalizable and violates perturbative unitarity at some
new physics scale A. It also requires some care in the low-
mass regime. In particular, the Higgs-DM couplings should
be constrained to be small at low DM masses. Nevertheless,
the current limit provided by the LHC collaboration in their
invisible Higgs searches is so strong and constrains the
Higgs-DM coupling to be so small that we are very far from
the regime in which the EFT is not valid.

Furthermore, as will be highlighted in the next sections,
the shape of the correlation plot will not depend on this
coupling and will remain approximately the same even if
the EFT is traded against a more realistic model. Hence, the

Higgs-portal EFT with vector DM remains a valid bench-
mark for LHC searches, just the same way as it is the
case for scalar and fermionic® DM particles.

III. THE U(1) ULTRAVIOLET COMPLETION

The solution proposed by the authors of Refs. [12-14]
was to move to an ultraviolet complete realization. This has
the clear advantage of completely avoiding the problems
outlined above, with the downside that the model inde-
pendence of the EFT approach is obviously lost. The
proposed model in Refs. [12-14] is the simplest and most
economical one: that in which the vector DM couplings are
generated by a single additional scalar state. We briefly
review below the essential features of this scenario.

Apart from the SM fields and the DM vector V,, the
model only contains a complex scalar field S, which is
charged under a dark U(1) gauge symmetry whose gauge
boson is V,. The terms in the Lagrangian involving V, and
S are given by

1
Lsy = - VW V¥ 4+ D,STDHS — Vy s, (13)
2 2
u A U A
Vis = —7H|<I>|2 +7”|GI>I4 —75 N +ZS N
y!
+= [OPISP, (14)

where V,, =9,V, - 9,V,and D,S = 9,§ — igV,S, with g
being the dark U(1) coupling constant. After electroweak
symmetry breaking, ® and § acquire vacuum expectation
values, v/v/2 and w/+/2 respectively. This generates a
mass term with coefficient my = gw for V,, (we will see
later that, additionally, the physical mass My will receive a
contribution from electroweak symmetry breaking which
will be small in the scenario we consider here).

The scalar field S can be parametrized as with real fields
and p. The angular component 6 is the would-be Goldstone
boson for the spontaneously broken dark U(1), while the
radial component p acquires a mass M,% = Agw? and mixes
with the Higgs state H. The mass matrix for H and p is
diagonalized by the eigenstates H; and H, with masses and
mixing angle given by:

/15602 - lHUZ

2 _ 2 2
MH],HZ —/IHU +ﬂsw :FW,

j.HSvCO

tan20 = ————,
A — Ayv?

(15)

3We note that in the fermionic DM = y case [3], similarly to

what was discussed above, the Lagrangian describing the Higgs-
Xy interaction, £, = —%M X = }—lh’% @' dyy, is not renormaliz-
able and the effective coupling A, is damped by a new physics

scale A which is always assumed to be close to 1 TeV.
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The lowest eigenstate H; can be identified with the Higgs
boson observed at the LHC. Adopting the (M, sin6, Ays)
set of free parameters, the quartic couplings 1y and Ag are
then fixed; their expressions, together with other details, can
be found in Ref. [3].

The couplings of H; and H, to SM fermions and gauge
bosons are given by the following Lagrangian (we ignore
the one LY giving the couplings of the scalars among
themselves)

| _
ﬁgM:;<H169+H2S9)(2M%VW;W_ﬂ+M%Zuzﬂ_mfff)’
(16)

while the complete Lagrangian describing DM phenom-
enology becomes

1 1
L= E?JMV(HZCG — Hys9)V, V¥ + g@z

x (H}sy —2HHysgco + H3c3)V,V* + LM 4 L4,
(17)

One can trade the Higgs-portal coupling Az with the dark
gauge coupling g using

MZ _M2
Aus = §sin20 *ZUMV f, (18)

The relevant set of input parameters can be chosen to be the
physical one (My,g.sin0, My,).

Now, from perturbative unitarity in the processes
H;H; - H;H;, one obtains the constraint A; < O(4x/3)
[37] which when applied to Ayg constrains the hierarchy
between My and My, : it might not be possible to have a
|

very light DM and, at the same time, decouple H, from
LHC phenomenology. This is one of the concerns raised by
the LHC collaborations. It was addressed in Refs. [15,16]
where it was shown that one can have My, = O(1 TeV)
together with a mixing angle 6 that allows for measurable
invisible H; decays.

Turning to the Higgs partial width into invisible DM
pairs, its apparent divergence with the mass My, disappears
since in the dark U(1) scenario, and contrary to the EFT, the
mass of the DM and the coupling g are not independent and
one has My = gw. In this case, the limit My — 0 is
obtained my taking the limit § — 0 when the new vev is
nonzero @ # 0 [14] (one could similarly also consider the
limit @ — 0 for §# 0). In this case, the Higgs invisible
partial decay width tends to a constant when My =0

~2 M -
Cinvluy — To8s o2 S0 0. (19)

In this limit, V can be simply seen as the Goldstone boson
of the new U(1) symmetry.

In Ref. [15], we have shown that the effective vector DM
Higgs-portal can be obtained from this dark U(1) model by
taking the limits sinf < 1 and My, > My, and that this
limit is theoretically consistent with the unitarity constraint.
Let us summarize the argument focusing on the comple-
mentarity between DM direct detection and invisible Higgs
decay searches at the LHC, and not taking into account the
issue of the cosmological relic density.

Restricting to the case My, > My, with H; = H, one
obtains the following expressions for the invisible decay of
the SM-like H boson into VV pairs, I'y,, =T'(H - VV)
and the vector DM spin-independent scattering cross
section on protons 5‘5/11) in the U(1) model

~D - D 3
g*sin’0 My,
Cinvluay = 1287 —M%/l (1 —4M3y /M7, + 12M5 /M3, )(1 — 4M3, /M3, )2,
M? BR(H, —» VV)I'} 1 m?
U‘S/IP‘U(U = 32/“‘%/11 3V 2 g2 Ty 2 T2 N2 Ah 75|fp|2KU(1)’ (20)
M3y, (1—4M2 M3, + 12M% /M3, ) (1 — 4M3 M3, ) 2 MYy,

with

1 1 \2
2 prgé
Ku(1) = cos~ M ( ) . (21)
M i\, M3,

When My, > My, = My, one has T'jit = T for the total
Higgs widths. Comparing Eq. (20) above with the corre-
sponding ones in the EFT approach, Egs. (3) and (5), one
concludes that the predictions in the EFT and the dark U(1)
model will coincide for a fixed invisible branching ratio

|
BR(H — VV) =BR(H; — VV) when in Eq. (21) one
has.

In Ref. [15], we have explicitly shown this by evaluating
the ratio r = oy} [y)/0V,[grr in the plane [My, oy ]
which is considered by the ATLAS and CMS collabora-
tions in their analyses of the invisible Higgs decay
branching ratio. We have performed a scan in the param-
eters sinf, My,,My in a wide range of their relevant
values, with the gauge coupling g fixed in such a way
as to obtain the desired invisible branching ratio
BR(H| — inv). We have then compared the obtained
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model points with the bounds from direct detection experi-
ments. A comparison was also made with the predicted
values in the EFT.

The outcome of the analysis was that, indeed, the EFT
approach can represent a limiting case of the dark U(1)
model, while complying with perturbative unitarity con-
straints. As one might have expected, the EFT is a good
approximation when k) is close to one, which requires,
at the same time, that the mixing angle between the Higgs
and the heavy scalar p is small and that the mass M, of the
extra physical scalar is large.

Hence, the simplest UV-complete model for a vector DM
state with a Higgs-portal can be described by a simple EFT
approach in which collider and astroparticle results can be
consistently compared. In particular, one is able to decou-
ple in a consistent way the extra degrees of freedom in order
to describe the model in the EFT approach for DM masses
within the reach of colliders. In Ref. [16], it has been
shown that this conclusion stays valid in more complex
UV-complete extensions in which either the gauge group is
extended and/or the symmetry-breaking mechanism of the
hidden sector is made more complicated.

One can view this explicitly by matching the EFT to the
UV model at the level of the Lagrangian. Acting on S, the
nonlinearly realized gauge symmetry we have described in
section II for the EFT becomes the linear dark U(1) gauge
symmetry. The relevant terms in the UV Lagrangian that
generate the Higgs-portal in the EFT are

/1H56()

1 2

The solution to the equation of motion for p, expanded in
inverse powers of Mﬁ is then

1 m%/ /1[.150) 1
=—(—)V, oXfo ol—|. 23
p M/2, < w " + 4 + Mﬁ (23)

From this equation, it is clear that, when the electroweak
symmetry is broken, p acquires a vev, which generates a
contribution to the physical mass My, of V, through
Eq. (22). This contribution is suppressed by (v/M )* with
respect to my,. Substituting this in the Lagrangian integrates
out p, giving the following coefficient for the HVV
interaction:

ZusMy
4M;

Avym? .
Lyyy D HXXZ Lofoy, W =

o'oY,V (24)
where we have used the parametrization Agyy =
AuvyM?%/A? introduced in Sec. II that makes explicit the
dependence on the DM mass M, and the new physics scale
A of the Higgs-portal coupling. From Eq. (24) it is clear
that the this dependence, which was derived from the EFT

alone, matches the effects of integrating the extra degree of
freedom in the UV completion. One may identify Ay =~
Ans and A~ M, in this case.

A comment on the non-Abelian generalization of this
setup is in order. In that case, it is well known that the
low cutoff of the EFT is due to nondecoupling new physics
[38-40]. An example of such new physics would be given
by non-Abelian versions of Eqgs. (13) and (14). For
perturbative values of the parameters, the masses of the
heavy scalars cannot be much larger than the masses of
the vectors. After matching, the V,V* term contains self-
interactions with coefficients proportional to inverse
powers of these masses, and thus they cannot decouple.
In the Abelian case, these interactions do not appear, and
the dominant ones come from Eq. (24). These corrections
are proportional to an additional parameter Ay, so there is a
decoupling limit when 155 — O.

The use of the natural EFT parameter Ay, with the
dependence on M3,/ A? stripped out leads to modifications in
the exclusion contours in the [My,Ayyy] plane when
compared to those in [My, Agyy|. This is shown on the
left-hand side of Fig. 2 for three values of the scale A. In
particular, the Higgs decay width does not feature any longer
the dangerous scaling with the DM mass. As it can be
expected, increasing the value of A weakens the constraints
on the coupling A,y . Adopting the rule of thumb Ay < 1,
we see that the framework under consideration provides a
viable phenomenology for A <1 TeV.

On the other hand, as already pointed, the correlation plot
does not depend on the DM coupling with the Higgs boson
Agvy or Agyy. The overall rescaling induced by our re-
parametrization affects in equal footing the Higgs decay
width and the DM scattering rate so that the correlation line
does not depend on 4,y and maintains the exact shape as in
the conventional EFT formulation of the vector Higgs-portal.

In order to provide a visualization of the validity of the
EFT approximation, we have followed Ref. [15], and
evaluated the ratio r = oy, |y(1)/0V), ger in the plane
[My,6y),] which is considered in the LHC analyses using

a scan in the parameter ranges sinf € [1073,0.3], My €
[1072,62.5] GeV, My, €[125.1,1000] GeV, with the
gauge coupling § fixed in such a way as to obtain a fixed
invisible branching ratio BR(H; — inv). We update here
this analysis by assuming an invisible branching ratio of
BR(H; — inv) = 10% which is the present sensitivity [10]
and using the latest XENONIT results. The outcome is
shown on the right-hand side of Fig. 2, where the obtained
model points (in red) are compared with the exclusion
bounds from XENONIT (blue region) and the projected
sensitivities from the XENONnT [41] and DARWIN
experiments [33]. A comparison is also made with the
outcome of the invisible Higgs branching ratios in the EFT
(thick solid black lines). As can be seen, while indeed the
DM scattering cross section correlated to a fixed value of
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FIG. 2. Left: constraints from the invisible Higgs branching ratio (red contours) and from DM direct detection constraints (blue
contours) in the [My, Ayyy] plane with three values of the scale A. Right: values of the DM scattering cross section corresponding to
BR(H — inv) = 0.10, obtained by scanning over the dark U(1) model parameters space (red points). These are compared with the
prediction of the effective Higgs-portal (solid black line), the exclusion from LZ/XENONIT (blue region) and the expected sensitivities
of DARWIN (dotted purple line). The yellow region corresponds to the neutrino floor.

the invisible Higgs branching fraction can be orders of
magnitude below the one expected in the EFT approach, the
latter can represent a limiting case of the dark U(1) model.
This is achieved consistently with the unitarity and per-
turbativity constraints discussed previously.

IV. THE RADIATIVE HIGGS-PORTAL MODEL

Before closing, let us consider for completeness a
radiative Higgs-portal model with vector DM states [22]
which has been included recently in the LHC analyses
[10,19,42] correlating the Higgs searches with direct
detection experiments. In this model, the vector DM is,
again, interpreted as the gauge boson of an extra U(1)
symmetry. This time, however, it is assumed that the tree-
level coupling between the DM and the SM Higgs is
negligible. The contact between the hidden and the visible
sector will be established by vectorlike fermions charged
under both the SM SU(2) x U(1) and the new U(1)
symmetries. In order to avoid the appearance of chiral
anomalies, the minimal field content is represented by 6
two-component Weyl spinors with the following charges
under SU(2) x U(1)y x U(1)":

1/1172 ~ (2, 1/2, il),
I’l172 ~ (1,0, :F 1)

X12 ™ (2,-1/2,F 1),
(25)

The interaction Lagrangian with the Higgs field H can be
written as

L C—me™ (W15 + Waakap) — Muning
— Yy € (w1, Ppny 4 w2, Ppn)

— 3, (1 1a@pns + x2,Pyn1) + Hee. (26)

After symmetry breaking and the consequent mixing
between the different fields, a physical spectrum made
by three electrically neutral N; and two charged E|,
Dirac fermions arise. Their gauge interactions are described
by the following Lagrangian (e is the electric charge and
g=e/sy the SU(2) gauge coupling with Oy being the
Weinberg angle):

_ . (1-2s5%)
‘Cgauge = e(ElyﬂEl - E2yﬂE2) A/l + mzﬂ
e = e
NAGEN.Z, 4+ —
ZCWSW ir ijotjcu + \/ESW

X KE]]/”GY‘{N] —+ Nl]/MG:gEz)W; + HC]

+ g(E"E; + N;y*N;)V (27)

with V, the vector DM field and G}}J‘{'Z parameters depend-
ing on the mixing among the different new fermionic states.
The leading effects of the vectorlike fermion loops on DM
phenomenology can be described by the following effective
interactions:

Lioop = —%A(pz)HV’”’VW - %B(pz)HV”Vﬂ. (28)
with form factors A(p?) and B(p?) that have been
computed analytically in Ref. [22]. The results (including
the full dependence on the masses and momenta) are based
on computation of these loop functions via the packages
FeynCalc [43,44] and Package-X [45].

It is instructive to consider the case in which the mass
of the fermions is large compared to My and p. Then,
the interactions in Eq. (28) become local, and can thus
be incorporated into the local EFT described in Sec. II.
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Left: constraints in the [My, y] plane from the Higgs invisible width and from DM direct detection experiments (the regions

above the lines are excluded). The different colors corresponds to different mass scales, namely 400 GeV (blue), 600 GeV (red), and
1 TeV (orange), of the heavy fermion which is integrated out to obtain the effective DM-Higgs couplings. Right: the invisible Higgs
decay branching ratio at the LHC and direct DM detection correlation plot in the radiative model; the constraints from the DARWIN and

LZ experiments are also included.

For simplicity, we assume the single-fermion limit described
in Ref. [22], in which the contribution from only one of
the new fermions, with mass m and Yukawa coupling ¥,
dominates the A and B functions. In this regime,

A(p?, M3, < m? z—g)_w,
(p v << m?) om>
252, 074
B(p?, M? <« m? n-T PV 29

In order to keep the dependence on the relevant scales
explicit, we have parametrized the Yukawa coupling y
employed in Ref. [22] as

2,
y= ﬂnf : (30)

The correctness of this scaling can be verified by examining
the Feynman diagrams that contribute to the interactions
under consideration in the unbroken phase. To accommodate
both types of interactions in the EFT, one needs to include in
its Lagrangian the dimension-6 gauge-invariant operator
|®|2V#V,,, in addition to the |®[*V#V,, operator we have
considered so far. The dimension of |®|?V#V ,, dictates that
it has a coefficient of order 1/A”. No additional factors of
M3,/ A? appear naturally in this case, in contrast with the
situation for the |®[>V#V, operator, because V#*V ,, does not
contain the problematic longitudinal polarizations. Thus, we
parametrize the coefficients of the interactions in the EFT as:

c 7 opymy,, + MY gy 31
HVVDP| |V Vyu+T| Fvev,.  (31)

Using Egs. (28) and (29), and identifying the new physics
scale with the fermion mass A = m, we then obtain the
matching conditions

_GIM5,

1440A%°
Therefore, the coefficient of the first operator has the scaling
with A derived within the EFT, while the second one is
suppressed by an additional factor of M% /A%, Atany rate, the
EFT s able to capture the effects of the radiative model when
m is large compared to p and My,.

Regarding the observables of this radiative model, omit-
ting the phase-space factors o« M%/M? for simplicity, the
invisible Higgs width decay can be simply written as’

48 , HVV

(32)

My<m g*y> M3,

46087°m?” (33)

1—‘inv |rad

The correlation plot is more complicated to obtain as the DM
scattering cross section on nucleons via H-exchange has a
slightly different dependence on the loop induced couplings

2 2 2
Hyp, m f
O-§/Ip|rad = 4; M‘;{;/[%/ (Tp) |B<p2 ~ 0) - M%,A(pz ~ 0>|2

Hpgy mpMy ()2
2887 Mim* \ v )~

(34)

“Note that, for practical purposes, this expression for the
invisible Higgs width in the radiative model is identical to the one
generated by the |®|*V, V¥ portal interaction, given in Eq. (3),
with the identification for the coupling 14y, — ¢?¥*/(62%) and
the new physics scale A = m.

075005-9



ARCADI, CRIADO, and DJOUADI

PHYS. REV. D 109, 075005 (2024)

We stress again that the correlation between o-?,lp and T, does

not depend on the Higgs coupling to the DM particles and is
exactly the same as in the EFT approach. In addition, by
comparing Egs. (33) and (34), one can see that the correlation
plot will not depend on the value of the mass scale m.

A summary of the results of the radiative model is given
in Fig. 3. The left panel shows the constraints from the
Higgs invisible width and direct DM detection in the
[My,y] plane, again assuming for simplicity, a single
fermion with a Yukawa coupling y running in the loop.’
The different colors correspond to three assignments of the
new fermion mass, namely m = 400 GeV, 600 GeV, and
1 TeV. The right panel shows, instead, the customary
correlation plot between collider and astrophysical con-
straints. Here also, while the expression Eq. (34) for the
DM scattering cross section differs from those obtained in
the other models discussed in this work, the My — 0 limit
strongly resembles the one of the EFT defined in Sec. III
with an additional |®[?V*V,, operator.

V. CONCLUSIONS

We have addressed two concerns and potential problems
which have been raised about the use of the effective field
theory description of vector DM particles that interact with
the Standard Model through the Higgs portal. These
concerns prevented the ATLAS and CMS collaborations
to use the EFT as a benchmark to correlate their searches for
invisible decays of the SM-like Higgs boson at the LHC
with constraints set by direct DM detection in astrophysical
experiments. The two problems are related with the limit of
small DM mass, M — 0 which, if care is not taken, would
lead to a violation of perturbative unitarity and to an
invisible Higgs decay width that is far too large to be
compatible with experiment.

We have shown that, on a closer inspection of the EFT,
the two problems are not present, if the dependence of this
coupling on the new physics scale A is taken into account.
We have found that Azyy o« M3 /A? so that, even for a very
light DM state, the coupling stays small when the new scale
A is of the order of the TeV and the DM mass M3, is well

*We remark that in the approximation of a dominance of a
single new fermion in the loop, one would need a very large and
possibly non perturbative Yukawa coupling to obtain a Higgs
decay width and a DM scattering cross section close to the
experimental sensitivity. A more realistic realization would then
involve the presence of several, possibly close in mass, new
fermions.

below it. In this case, both the invisible Higgs decay
branching ratio and the DM cross sections, including those
that could lead to unitarity violation, are kept under control.

We have exemplified this feature by matching the EFT to
two ultraviolet complete scenarios with vector DM coupled
to the Higgs boson. Both of them have been used by the
LHC collaborations, instead of the EFT approach, to
correlate their results with those from direct detection
experiments. A first one (also discussed in a previous
analysis [15], that we update here) is the celebrated case in
which the vector DM couplings are generated by a single
additional scalar state which is charged under a U(1) dark
gauge symmetry whose gauge boson is the vector DM.
Another scenario, recently adopted by the ATLAS and
CMS collaborations, is a radiative Higgs-portal model in
which the vector DM is also interpreted as the gauge boson
of an extra U(1) symmetry but its coupling to the Higgs
boson is generated only at the one-loop level by vector-like
fermions that are charged under this symmetry. In both
cases, we have shown that the EFT can represent a very
good limiting case of these UV-complete models while
being consistent with unitarity constraints and those on the
invisible Higgs branching ratio. This is particularly true for
the correlation between the results of the LHC and
astrophysical experiments, since it does not depend on
the Higgs-DM coupling.

This result is not really surprising. Indeed, the EFT we
have considered, as any other EFT (in the DM context, see
e.g. the discussion in Ref. [46]), is able to capture the
effects of any of its UV completions at sufficiently low
energies. One thus gets a UV-model-independent descrip-
tion of the physics under consideration, at the price of
having pertubative unitarity violation at high energies. In
practice, we have found that the relevant region of
parameter space for DM phenomenology is always in
the regime in which the effective approach is valid.
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