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Loops of portal matter (PM) fields carrying both dark and Standard Model (SM) quantum numbers can
lead to the kinetic mixing (KM) of the SM photon and the analogous dark photon (DP) of a
phenomenologically interesting magnitude. However, in specific frameworks, different loops of these
same PM fields can also lead to other new types of interactions between some of the SM fields and the DP
via the generation of “dark moment”-like couplings, even though the SM fields carry a zero dark charge at
tree level. In recent work, this possibility has been explored for the case when these SM fields are
fermionic. In this paper, we extend this idea to the case of the SM W boson, employing a previously
examined model wherein PM consists of a complex scalar triplet plus a complex singlet, both of which
obtain vacuum expectation values and thus also generate the DP mass. While this setup results in a
somewhat stronger interaction between the DP and the W than in the familiar KM setup, the rate for
W + DP production at the LHC is shown to still be rather small and is very difficult to observe due to large
SM backgrounds. The direct production of the scalar PM itself, however, is shown to lead to similar new
physics signatures but with much larger rates, and are considered here in their own right. The properties of
such new PM states may already be constrained by LHC searches in both the W*+ missing transverse

energy (MET) and W W~ + MET channels.
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I. INTRODUCTION AND PM MODEL
BACKGROUND

While the exact nature of dark matter (DM) is presently
unknown, models abound in the literature attempting to
explain what it might be and how it could interact with the
fields of the Standard Model (SM) to obtain its relic
density [1]. One very attractive possibility is the vector
boson/kinetic mixing (KM) portal scenario [2-4], which
posits (at a minimum) the existence of a new U(1),, gauge
group, with a corresponding coupling gp, whose gauge
boson, the dark photon (DP), V [5-10], directly couples to
DM which carries a nonzero dark charge, Qp # 0. The SM
fields at tree level, on the other hand, do not couple to V, as
they are all neutral under U(1) ; i.e., they have Qp = 0. In
the analysis presented below, it will be assumed that the DP
obtains a mass via the spontaneous breaking of this U(1),
via one or more dark Higgs fields which may or may not
also transform nontrivially under the SM gauge symmetries
[11]. Of course, it is possible that particles carrying both the
SM as well as U(1),, quantum numbers might also exist,
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which we have referred to as portal matter (PM) in earlier
work [12-35], these being either new scalars and/or new
vectorlike fermions (VLFs)—this latter choice being
required in order to avoid unitarity, precision electroweak,
and Higgs width/production cross section constraints
[36-45]. Depending upon their SM transformation proper-
ties, loops of these PM particles will then induce KM
between V and the SM W3 and/or B gauge fields via one-
loop vacuum polarizationlike graphs which at low energies,
far below the weak scale, will manifest themselves as the
KM of the SM photon and V. In fact, in this class of
models, it is more than likely that such states are neces-
sarily a part of the physical spectrum at some scale in order
to induce this desired KM. When V and the DM are both
light, roughly <a few GeV in mass, the strength of this
induced KM, denoted by the parameter €, can be suffi-
ciently large so as to allow the DM to achieve its relic
abundance via the familiar thermal freeze-out processes, as
in the case of weakly interacting massive particles [46—48],
while also simultaneously satisfying other experimental
constraints. This can happen because in such a setup, the
charged fields of the SM will pick up a small coupling to V
via this KM with a strength eeQ,,,, with e being the usual
charge of the proton. In the traditional version of this
model, no other additional interactions between the DP
(and hence DM) with the SM are usually anticipated.
Recently, however, we have shown that in somewhat
more UV-complete models of this general type, loops of
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PM fields in the form of VLFs can in some cases generate
new interactions for (at least some of) the SM fermions with
the DP beyond that induced by KM in the form of, e.g.,
“dark” dipole moment and/or dark charge form factors for
these fields, even when they are electrically neutral. This
can lead to some interesting phenomenological differences
with respect to the more familiar KM setup [17,29] while,
e.g., still reproducing the DM relic abundance. In earlier
work, it was argued that the SM gauge bosons, W*, Z,
cannot pick up these types of couplings since the PM fields
(which would come in mass degenerate SU(2), represen-
tations) running in the loops which potentially generate
them are all vectorlike with respect to both U(1),, and the
SM interactions, so that Bose symmetry plus charge
conjugation invariance will force the sum of these loop
diagrams to vanish. However, if scalar PM is instead
realized, this no longer need be the case, provided that the
fields in any given loop are nondegenerate, as may easily
happen for the W where scalars having different third
components of weak isospin in an SU(2), representation
are split in mass due to, e.g., their mixing with the SM
Higgs doublet field. One reason for this is that these scalars
can be relatively light, so that the mixing induced effects on
their masses can be sizable; in the fermion case, the mass
limits and other experimental constraints are more restric-
tive, forcing the SU(2), doublet members to be remain
much more degenerate even after possibly mixing with the
SM fields.

This possibility then directly leads to a new class of
WWYV interactions, which will be seen below to be of a
similar qualitative nature to the long discussed (in the CP-
conserving case we consider below) anomalous magnet
dipole and electric quadruple moment triple gauge boson
couplings of the W (both in the SM and in numerous
beyond the SM [BSM] scenarios) when the DP is replaced
by a photon or Z [49]. Of course, since the Z boson
couplings are generally diagonal, so that only a single field
will propagate in a given loop at a time, as will be the case
for the model considered here, this mechanism will not be
effective in generating the corresponding ZZV-type cou-
plings, as the sum over loops will necessarily cancel via the
above symmetry arguments. It is to be noted that, unlike in
the case of fermionic PM-induced dark moment type
couplings, no extension of the U(1), dark gauge group
is required in this setup, although it would be certainly
interesting to contemplate such more complex scenarios.

In order to examine this possibility in some more detail,
below we will resurrect a previously examined model of
scalar PM [20] that was then motivated by the apparently
large value of the W boson mass (relative to the SM
expectation) as measured by the collider detector for
Fermilab II Collaboration [50], but now in a somewhat
different region of the model parameter space. This setup
augments the SM single Higgs doublet symmetry breaking
sector by an additional complex isotriplet having ¥ = 0, X,

plus an additional complex singlet, S, both of which carry a
nonzero value of the dark charge, i.e., Op = 1, unlike the
SM Higgs, which has Qp = 0. Both of these new fields
obtain vacuum expectation values, v,; Safew GeV,
respectively, generating the DP mass as described above,
but now with the expectation that v, < v, so that the tree-
level contribution to the p parameter, i.e., the Peskin-
Takeuchi T parameter [51,52], corresponding to the shift in
the W boson mass, is relatively suppressed in comparison
to the expectations of our previous discussion. Thus these
new scalars will not only act as PM but are also seen to be
responsible as dark Higgs fields for the breaking of U(1),,
at low mass scales. We note that the analysis of this rather
simple setup is only meant to be suggestive of what might
possibly occur in a much broader class of somewhat
unexplored scalar PM scenarios that can lead to some
distinctive phenomenology. We also note that other PM
scalar scenarios, such as that introduced in Ref. [15], can be
shown to lead to qualitatively similar conclusions to those
found below but are somewhat more complex to analyze
due to their larger number of free parameters.1 We note,
based on the above discussion, that we can always add extra
VLF PM to this simple setup without there being any
additional sizable contributions to these dark momentlike
couplings of the W to the DP.

What would be the best way to observe such dark
moment W couplings? On-shell W decay would be an ideal
laboratory for these studies, but the size of the data samples
necessary to probe branching fractions in the range of
interest to us (=a few x 10°) are unfortunately not likely to
be available anytime in the foreseeable future. This is
disappointing, as ordinary KM and dark moment produced
DP events can easily be shown to populate different regions
of the three-body phase space [49]. If the DP were instead
just an ordinary SM y and/or Z, as in the case of the more
familiar trilinear anomalous gauge couplings [49], there are
many other process which one could employ, with various
combinations of the W, y and/or Z being either on or off
shell, e.g., WTW~ production at either a lepton or hadron
collider or Wy production at a hadron collider. All of these
processes and the models for generating such couplings
have been explored in the literature in great detail over the
past decades, and they are seen to generally (and obviously)
rely on the relevant SM gauge fields having sizable
couplings to the quarks and/or leptons in the initial state
which initiate these reactions. In our case, however,
processes such as gg,eTe™ — V¥ — WTW~ are not very
useful due to the strong coupling suppression arising from,
e.g., KM, being already O(e?) ~ 1077 at the amplitude
level. However, a process such as g — W* —> WV,
followed by the hadronic decay of the W, while still having

"This results from the choice of there now being [15] three
weak doublet SU(2), Higgs scalar representations, two with
identical, nonzero values of Qp.
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a suppressed amplitude, is now only by a single power of .
In fact, in the familiar KM case where all charged fields
have a coupling eeQ,,, to V and in the limit that my can be
neglected, the differential cross sections for gg’ — W* —
WV and Wy production will be identical apart from an
overall factor of €2, arising from the same three graphs. In
the case where KM is absent (or, more realistically, sup-
pressed) and the only interaction of the W and V is through
the WWYV loop-induced dark moment couplings we con-
sider here, a WV final state can still be produced but now
arises from only a single graph where the on-shell V is
emitted off the W, as V no longer couples directly to any of
the SM fermions. Clearly, the expectations for such a
process will differ in detail from those of the familiar
KM scenario, although the final state in both cases will
just be, e.g., W=+ missing transverse energy (MET) at
the LHC, assuming that the DP decays to DM. Does
this process occur at a significant rate which is large
enough to be observable at the High-Luminosity LHC
(HL-LHC) and how do the two distinct models com-
pare? Does the direct production of PM scalars in the
loop at the LHC provide better access to this physics
and do they produce more significant signatures that
can be probed at present? These, among others, are
some of the related questions we hope to address in the
discussion below.

The outline of this paper is as follows: after this
Introduction, in Sec. I we will present/review the specific
details of the model discussed above wherein the scalar PM
fields consist of a complex, ¥ =0, SU(2), triplet plus
complex singlet combination, both with Qp = 1, which
will also act as dark Higgs generating the DP mass. The
present value of the W mass and the needs of the current
study are seen to push us into a previously unexamined
parameter space regime for this setup. Specific expressions
for the relevant scalar masses and mixings as will be
important for the calculations of the dark moments of the W
will be presented to leading order (LO) in the small vacuum
expectation value (VEV) ratios. In Sec. III, we will discuss
the various dark moment form factors entering the effective
W*WYV vertex, write expressions for them in the model
under discussion, and then provide the resulting cross
section for the ¢gg’ — W* — WYV process. In Sec. IV, the
event rate for this process at the LHC will be analyzed
and compared to that obtained in the more convention
KM scenario. Although found to be larger by more than
an order of magnitude than that in the corresponding KM
case, the dark moment induced cross section is still very
likely too small to be observed, even at the HL-LHC,
due to the much larger SM backgrounds arising from,
e.g., WZ production followed by Z — tv. In fact, the
additional new physics backgrounds to this process
induced by the direct production of the PM scalars in
this model are shown to be potentially large, and so we
then study them in more detail instead within this new

parameter space regime. For these PM scalar production
processes, for the simplest final states, such as W + MET
and the WTW~ 4+ MET, search constraints already
exist from the LHC and are compared with the scalar
PM model predictions. Although much more serious
simulation-level studies are certainly needed, these results
indicate that the HL-LHC will likely be able to probe
this direct production possibility over a good fraction of
the model parameter space for interest. Finally, a dis-
cussion of the results and our conclusions are presented
in Sec. V.

II. REVIEW OF SCALAR PM
MODEL BASICS

As noted in the Introduction, the basic model assump-
tions that we will make below are as follows: (@) The SM
gauge group is augmented by an additional U(1),, factor
corresponding to the <1 GeV, dark photon, V. The SM
fields all have Qp = 0, so that before any loop effects/KM
and/or mass mixing, they do not couple to V. (b) The
Higgs sector, in addition to the usual SM doublet with
Op =0, 1.e., ®, also consists of a complex singlet, S, with
Op =1, having VEV, v, as well as a complex Y =0,
isotriplet, 2, which has the same dark charge, Qp = 1, and
whose neutral member also obtains a VEV, »,. As noted
above and as is very well known, this leads to a
positive tree-level shift in the p parameter, 5p = 4v7/v7,
where v;~246 GeV is the familiar VEV of the SM
doublet ®.> The fact that ¥ is complex implies that its
oppositely charged 75 = £1 components, X, ,, are not
related to one another, having distinct masses, and that
the 75 = 0 component, X°, is also necessarily a com-
plex field. While the triplet VEV, v,, and the singlet
VEV, wv,, which we would naively expect to be of
comparable size <1 GeV, will both contribute to the
mass of the DP, below we will consider the parameter
space regime where v, < v; since we want the W (at
least at the tree level) to obtain the vast bulk of its mass
from the SM VEYV, v,, to a rather high precision given
comparisons to and agreement of the current experi-
mental measurements with SM expectations [53]. (c¢)
While other PM which are VLFs in degenerate SU(2),
representations may also be present, their contributions
to the dark moment-type couplings of the W as
considered here will sum to zero, as discussed above,
and so would not play very much of a direct role in the
discussion below.

Closely following our previously analysis [20], we can
decompose the real and imaginary parts of these three
complex Higgs fields together with their VEVs in the
following manner:

*Note that if v, < 1 GeV, which will certainly be the case here,
then 8p < 1074,
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with v, ; being the relevant VEVs of the triplet, singlet,
and SM doublet Higgs fields, respectively, as noted above
and where we have explicitly shown the real and imaginary
components of the fields with Q,,, = 0. The interactions of
these scalar fields with themselves and with each other are
given by the most general scalar potential, U, that is
allowed by both the SM and U(1),, gauge symmetries, i.e.,

U=-m?®'®— miTr(Z'X) — miS7S + A(d' D)2
+ A5(ST8)? + 4, [Tr(ZF2)]? + A, Tr[(ZTZ)?]
+ kDT DSTS + [ ®TD® + 1,55t S|Tr(ZFT)
+ 4@ T + T (TSt + ZFS)®. (2)

A few comments are now in order: (i) While all of the
quartic couplings as well as the magnitudes of the various
VEVs play important phenomenological roles, we specifi-
cally note the presence of the 1 term which is only possible
since both S and X have the same dark charge, Qp = 1. (ii)
If CP remains a good symmetry (which we will assume
here) then the mass eigenstates of the CP-even and CP-odd
neutral fields can be separately determined after minimi-
zation of the potential; Ref. [20] describes this procedure
in detail. (iii) We will denote the ratios of the small
VEVs to that of the SM VEV by x,,=v,/v,~
O(1073-1072) < 1, so that the tree-level value of the p
parameter is just given by p = 1 +4x? ~ 1 to a very high
precision; we also will define the ratio of the two small
VEVs themselves, t = v,/v, < 1. In most of our discus-
sions, it will generally be sufficient for our purposes to
work to leading order in the two small parameters, x; ;. (iv)
Before any mass and/or kinetic mixing, the DP’s mass is
given by m3 = g5(v? + v?) = ghv?(1 +12), with gp
being the U(1), dark gauge couphng as deﬁned above.
(v) It is to be noted that both of the new neutral scalar fields
that obtain VEVs have T3 = 0, i.e., their third components
of weak isospin vanish, so that their mixing does not induce
any off-diagonal neutral current couplings to the SM Z or,
in fact, to the V, since they also both have the same value
of Op = 1.

With these comments in mind, it was found that to lowest
order in the parameters x, , of the neutral CP-odd fields,
one of them, a ~ G, becomes the Goldstone boson for the
SM Z, while one linear combination of the remaining
CP-odd fields, Gy ~ a,c,, + a,s, with t =t = s5,/c; =
v,/ vs, becomes the Goldstone boson for the DP field, V.

Here, we have defined, in familiar notation,
s4(cy) = sing(cos ¢), as the mixing angle between the
weak eigenstate and mass basis. The remaining CP-odd
mass eigenstate is then just the orthogonal state A ~ a,c, —
ays, and is found to be relatively heavy, i.e.,

’ 3 Avg 1

Ma=az ( i ) ©
to lowest order in the x,; expansion. Note that we will
sometimes employ the Gy notation to represent the
longitudinal mode of the DP, V;, in the Goldstone-boson
equivalence theorem [54] limit in the discussion below.
Similarly, considering the neutral CP-even states, to the
same order in x, ; parameters, one can be identified with the
hgyv ~ h state at ~125 GeV observed at the LHC, which
has very little mixing with the other states to this order,
while a second, hj ~ sc, + 654 with a mass near ~1 GeV,
essentially set by vy, is identified with the dark Higgs. The
orthogonal state, H ~ ocy — 55,4, is found to be heavy on
the other hand; explicitly, one obtains the following
expressions to lowest order in the small parameters for
these three masses:

2\/5 t
24502 K2
2 SYs
~ 1 4
o 1+z2( 4MS> “)

where we see that the SM Higgs mass is effectively
unaltered to this order. The dark Higgs mass, m,, , is seen
to be similar to the case of the simple singlet dark Higgs
model except for the presence of the additional overall
(1 +#2)~! factor. Recall that it is necessary to suppress
hgyv — hp mixing to satisfy the branching fraction con-
straint on the invisible decay of the SM Higgs, i.e., B;,, <
0.11 [55], which here will arise from the decay modes
hsm — 2hp, 2Gy, assuming that both the dark Higgs and
the DP decay invisibly or to unreconstructed final states. It
is important for later discussion that we observe that the
heavy CP-even and CP-odd states, i.e., H and A, are found
to be essentially degenerate to this order, having identical
admixtures of the singlet scalar; thus, to this order in the
small parameters, we can go back and treat just the
combination H = (H + iA)/+/2 as a single complex field
of mass my, when performing the calculations below.
Similarly, at ~TeV scales, we can think of /&, as being
almost massless and combine it with Gy, to form a complex
state which we will still refer to as i, for convenience. We
note in passing that since both the neutral complex fields,
hp.H, have T3 =0, they will not couple to the SM Z
boson, which reduces the number of channels that can be
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used to access these particles directly at a collider, as will be
important in the discussions later.

Finally, the diagonalization of the mass-squared matrix
for the charged scalar fields is seen to yield one null
eigenvalue corresponding to ¢" ~Gy, the SM W’s
Goldstone boson, and in addition, to leading order in the
small parameters, the masses of both X ,, as follows::

i1 2
m?, = < 5>112, 5
1.2 2\/§t + 4 d ( )

where A5 > 0 implies the ordering m; < m,. We also
observe that we must require that 1 > As¢/+/2 in order
to avoid turning X; into a tachyonic state. As was
previously noted, we see that the squares of the masses
of the three complex scalars, m? , and m3,, are, to lowest
order in x,, simply related by

my, 1+
2 9

(6)

2 2
my + m;

which for ¢ < 1, as we will assume here, is expected to be
roughly <O(1). Considering the results above we then
might expect that m;, << m; < my; < m,, which will be of
some significance when we perform the loop calculations
below; note, however, that either mass ordering between H
and X, is in general possible in the # < 1 region.

Note that once we assume that the masses of i, and V
are <l—a few GeV, then the most important model
parameters become just the three scalar masses m;
from which the value of ¢, and thus the mixing angle ¢ (and
so all of the various gauge interactions) can be then be
determined to lowest order in the ratios x, ;. However, as
was also previously noted [20], some of the pure scalar
sector interactions, controlled by the multiple quartic
couplings, 4;, appearing in the potential above will still
remain somewhat unconstrained and so naturally can likely
be O(1), thus also be important when considering inter-
actions between the scalars themselves and the correspond-
ing collider production processes that can result from the
trilinear couplings proportional to the largest VEV, v,,.

III. GENERATING W DARK MOMENTS AND
LHC SIGNATURES

Unlike in the familiar KM scenario wherein all the SM
charged fields pick up an effective tree-level coupling to the
DP, eeQ,,,, here, in the case where the KM is suppressed or
absent, only the W can potentially pick up a sizable loop-
induced coupling to V, since any SM fermionic couplings
to these scalars which occur via mixing are necessarily
quite suppressed due to the bound arising from the invisible
width of the Higgs from the LHC [55]. Given the set of
scalars and their masses described above, it is easy to
contemplate how these dark WWYV couplings may be

Vi (a)
a(k-p.) a(k+p.)
b(k)
W+ (p.) W (p.)
FIG. 1. Generic triangle graph of PM scalars, labeled by the

pairs (a, b) discussed in the text, for our PM model that generates
the dark momentlike couplings of the SM W to the dark photon,
V. The momentum in the loop as labeled is seen to flow
counterclockwise in this figure.

generated—qualitatively in a somewhat similar manner
to how the fields of the two-Higgs-doublet model can lead
to contributions to the more familiar anomalous WWy
couplings. An important difference here is to remember that
even the electrically neutral PM scalars of our model have a
dark charge so that they can also couple directly to the DP.
While a W* must couple to either of Zi,, it must also
couple to H or hp in such a manner so as to conserve
the dark charge QD.3 Here, the relevant family of triangle
graphs with both (electrically) charged and neutral scalars,
generically labeled as (a, b), one being electrically charged
with the second neutral, running clockwise in these loops,
is shown in Fig. 1. A corresponding crossed graph will also
exist wherein the two Ws are interchanged and which then
introduces an overall minus sign in the WWV amplitude
[49] and, due to electric charge conservation, necessarily
interchanges the roles of the states, a <> b, so that if a and
b were to be degenerate (or simply to be the same state as in
the case of potential ZZV couplings) the sum of these two
graphs would vanish. This explains why the scalar-induced
CP-conserving dark momentlike couplings for the SM Z
will vanish, as was discussed above, since no off-diagonal
Z couplings are allowed at tree level. It also tells us to
expect that the size of these dark moment couplings will be
very roughly set by the mass-squared splittings among
these various scalars (as well as their mixings) roughly
scaled to that of the square of the W boson mass. Of
course, this weak isospin breaking contribution to these

*We remind the reader that, as noted previously, in what
follows, we will for simplicity employ % to denote the complex
light state, roughly in the mass range ~0.1-1 GeV.
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mass-squared differences are due to the same VEV that
generates the W mass, i.e., v,.

Note that given the direction of the momentum flow and
the charge labels for the Ws in Fig. 1, we see that there are
only four choices for the charged plus neutral scalar pairs
that can appear in the loop, i.e., (a,b) = (X5, H/hp) and
(a,b) = (H/hp,Z]), with the weighting between the H
and hp contributions being determined by the values of the
mixing factors, ci and sj,, discussed above. The crossed

graphs then correspond to the same pairings but with the
roles of a and b interchanged, as well as the relative
additional overall change of sign. Note that with this
interaction structure, these dark moment couplings for
the W will all be finite quantities, as is clear from the
straightforward application of dimensional regularization,
as any remaining poles will vanish between the original and
crossed graphs.

In earlier work [20], a scan was performed over the
parameter space of this model subject to several additional
constraints, in particular, the requirement that the calculated
value of e was sufficiently large within the pure KM
framework to recover the DM relic density. If we drop this
constraint (and also allow for the new requirement ¢ < 1),
as we assume that the KM contributions to the process at
hand are absent, or at the very least, subdominant, a
somewhat different but slightly larger parameter space
becomes open to us. This is, of course, subject to the
remaining constraints, such as those arising from both
unitarity of the 4;s and the direct search constraints on the
new scalar PM states to be discussed below. In particular,
overall, somewhat larger scalar masses are allowed; how-
ever, when identifying benchmark parameter points in this
space for further study, we will remain rather conservative.
We further note that varying the value of m, anywhere
within the 0.1-1 GeV range only leads to alterations in our
numerical results below at the subpercent level and so this
variation can be neglected and we set m;, = 1 GeV in the
relevant loops for definiteness. Below, m will label either
the hp or H mass depending upon which one appears in
the loop diagram. Table I gives the parameters for the
two benchmark samples we will employ in the analysis
below for demonstration purposes. However, at the

TABLE I. Benchmark model points. Benchmark model point
properties: PM scalar masses in GeV for those states appearing in
pairs in the triangle loop graph Fig. 1 and generating the dark
moment couplings as described in the text. In the generalized
versions of these two benchmarks (also discussed later in the
text), the values of m are treated as free parameters, while that of
t and all of the scalar mass ratios are held fixed.

BM my my my t
BM1 330 520 470 0.406
BM2 350 600 580 0.628

semiquantitative level of roughly a factor of 2 or so, one
finds that much of the < 1 model space gives quite similar
results to what we will discuss below. Note that we will also
make use of generalized versions of these two benchmark
models that will be further analyzed below as part of our
collider studies, where m; is treated as a free parameter but
all of the scalar mass ratios (and hence ¢) are held fixed.

The general tensor structure for the CP-conserving
trilinear WWy/Z vertex allowing for all external particles
to be off shell has been given by Eq. (3) in the second paper
of Ref. [56]; we will make use of a modified version of this
expression in the analysis that follows. Here, we must
remember several things in order to employ this result for
the WWYV vertex, specifically for the process we consider:
first, unlike for the case of the anomalous SM-like WWy/Z
coupling, there are no tree-level contributions to this vertex
in the absence of KM. Second, since the final state W, V are
both on shell, the ratio m}/m3}, < 1 as well as the initial
state quark masses can be neglected, so we can drop all
terms in this general coupling structure that are propor-
tional to the vectors g¥, p%, or p?, as well as those
proportional to g> = m3,. The reasons for this are clear:
both ¢* and p” are to be contracted into the corresponding
polarization vectors for external gauge fields, and so these
terms vanish identically. Terms proportional to p% will be
contracted with the initial quark current, which is conserved
in the massless limit as is considered here, so these terms
will also vanish. Further, we can safely numerically neglect
terms which are suppressed by factors of m?/m3,, so that
all terms proportional to ¢ can also be dropped.

With these results in hand, employing momentum
conservation and with the external momentum flow now
altered to correspond to a single incoming, off-shell W and
an outgoing W, V pair in the final state with both the W and
V now on shell, as per the gg’ — W* — WYV process under
investigation, the relevant effective WWYV vertex for the
case at hand can be written as

Copu = 9pl(@09ap + @19295)(P+ + P-),
= 29auqp + a39p,44)- (7)

where in our setup all the form factors will vanish, and
a; =0, at tree level, being purely loop induced. Note that
while a(,3 are dimension-4 quantities, a;, on the other
hand, is instead seen to be dimension-6. Given the coupling
structure from the second paper of Ref. [56] as noted above,
it is clear that these form factors are not completely
independent quantities thanks to gauge invariance. For
example, some simple algebra shows us that for the case at
hand, e.g., a3(3) = a,(8) — (8§ — m3,)a,(8), where 3 is the
squared partonic c.m. energy as is relevant for colliders.
This is the only off shell momentum squared for the process
we consider, since the final state W and V are both
produced on shell, i.e., only the virtual intermediate W
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will be off shell here. We have verified numerically that this
relationship indeed holds true in the numerical study below.
From this same reference, we see that if we write their
k = 1 + Ak then we find that in this “anomalous coupling”
notation, we can relate a; = —A/m%, and a, = Ak + 4, so
making contact with other existing literature [49] on the
more familiar WWy/Z anomalous triple gauge couplings.
In terms of these a;, the LO subprocess g’ — W* —
WYV differential cross section is found to be given by

il

(o2
diyy GFmW

dprdy 7

)[(s—mw) +md T3 T - F2-C,

3752

where y is the usual rapidity, p; the transverse momentum
of the W or V, G is the Fermi constant, Iy is the W total
width ~2.09 GeV [57], F? is a numerical factor arising
from the loop graphs to be discussed below, and J is the
appropriate familiar Jacobian factor [58] as needed for
these final state variables. Note that in the numerical
analysis below, we will assume the overall coupling ratio
value of gp/g = 1. Further, we see that C is the sum of
several terms, C = X;_;C;, that can be most easily
expressed in terms of the usual subprocess Mandelstam
invariants, §,7,# (that are subject to the usual constraint
that § + 7 + 2 = m%,) and with the various a; being just
the form factors from the coupling structure defined
above, i.e.,

A a \? 2\(4 2\2 293
C,=-iut —myg, t—Ba; -2
= =01 ) (54 )5 =+ 27 (G - 2a)
aa Ky N R Ky
€= (5= 1) (=) + 0= 1) + s =) oy (5= )
W w
—aay (.. RN oin .
Cy= 4nlzz<t(s—t+m%v +u(s—u+m%v)+s(s—m%v)>(s—m%‘,)2
w
Cy = ajazit|s — m? ! i—l (8 +3m3)
4= ayaz v 2\, W
a . 2 2 4 2\(# 2
Cs = 3.0 (5 = k) (20035 = (2 = ) (i = i) )
w
apa R 3 nn aln
Céz%@%—mﬁ,)[ﬁtt— m—%v_l) (t(t—m%v)—I—u(u—m‘zv)—s(s—mw))}
a FOTA A ala
C7——?0(a3—a2)<t(s—t+m%v)+u(s—u+M%V)+2s(s—m%V))
s = = (5 3M3) (10 = m}y) + = my) =3 = m}))
4m3,
Co = =502 (5 = i) (i = ) (5 = 2+ mnd) + (2 = m)(5 = &+ miy) +5(5 + 3m3y)) 9)
W

In order to proceed further, the expressions for the a; themselves are required; here we will employ for simplicity the

dimensionless quantities r, ;, = mi’h /m%,, where (a, b) label the scalars in the loop as defined above, r, =35/ m3, and

define F = ¢*/4x*> = /2Gpm}, /7> ~ 1.08 x 1072 as a common overall constant arising from the W couplings and various
loop factors that has been extracted from these expressions and moved into the cross section as defined above. Explicitly, we
find that we can express the a; as a set of two-dimensional parameter integrals, as follows:

1-w)l-
mia, F~! = /dw/ du Wil = w)l = u)
raw+ (

)( —uwr, —w

P
where here u, w are just the usual Feynman parameters. Similarly, we have that

/dw/ du —uw?, —(1 — u)w?

all of which we can evaluate numerically for the different choices of (a, b). We can then combine these results together with
the appropriate mixing angle weightings for H, &, employing the two BM models, thus obtaining their final values and then

= 1o

S (1= w)) Toglrgw + (1 =w)(r = wwr, —w(1 =w)]. (1)
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feed these into the cross-section expressions above.
Numerically, we find that the contribution from a is
relatively quite suppressed in comparison to those from
the other two dimension-4 form factors, a,3, and con-
sequently makes essentially no contribution to the cross
section for the two BM examples at hand. The dimension-6
form factor a; is also generally suppressed but, unlike in
the case of the dimension-4 a, always appears in con-
junction with additional powers of, e.g., ~8/m3%, which
essentially compensates for this relative suppression.

IV. DARK W MOMENTS AT LHC: CROSS
SECTION AND PM DIRECT PRODUCTION

We now have all the pieces necessary to determine the
dark moment induced WV production rate; Fig. 2 shows
this cross section for WV at the 13 and 14 GeV LHC as a
function of the cut on the missing transverse energy for
both benchmarks BM1 and BM2 employing the numerical
analysis above. Here, we see these benchmarks yield
qualitatively quite similar results, although the shapes
are slightly different in detail due to the modest differences
in the form factors and their relative weightings in the final
cross section. Other points in this parameter space will also
yield results similar to these two benchmarks, even for
somewhat larger scalar masses. For example, scaling all the
masses of BM2 upward by a factor of 1.5 (thus leaving the
value of ¢ unaltered) changes the resulting cross section for
BM2 by roughly a factor of <20% — 30%.

The first question one might ask is how these cross
sections compare to the more conventional “pure” KM
prediction for the analogous gg' — W* — WYV process. In
order to make this comparison easily, we can employ
Ref. [59], whose authors have recently obtained the

0.100
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o (fb)

0.010

0.005

200 400 600 800
MET (GeV)

FIG. 2. Production cross section for the W*V final state in fb at
the /s = 13 TeV (lower red) and 14 TeV (upper blue) LHC as a
function of the cut on the MET associated with the invisible dark
photon. The solid (dashed) curves correspond to the benchmark
model BM1 (BM2), as discussed in the text.

corresponding W* photons production cross section at
mixed next-to-next-to-leading order/next-to-next-to-next-
to-leading order (NNLO/N3LO) order, including soft
gluon corrections. Summing over the contributions of both
W= final states for the case of the /s = 13 TeV LHC with
a pr cut on the photon of 25 GeV, they find the central
value of (ignoring the estimated errors) ¢, ~ 110 pb. If we
again neglect its mass, the corresponding DP production
cross section is obtained by simply scaling by €? ~ 1077, or
so, yielding a cross section roughly oy, ~ 11(e?/1077) ab.
On the other hand, BM1 yields a cross section [60,61] of
roughly ~190 ab at LO (scaled by a K-factor of 1.3 [61]
although our conclusion is unaltered by this particular
choice) with this same (now MET) cut, which is seen to be
more than an order of magnitude larger while BM?2 yields a
cross section of a quite similar size, as can be seen from
Fig. 2. Unfortunately, in either case, not only is this signal
quite swamped by, e.g., the SM W*Z, Z — v background
but also, in most parameter space regimes as we will see
below, by that which arises from the direct production of
the PM scalars that can run in the loops. In the case of
fermionic dark moments, as seen earlier [17], this addi-
tional background would not occur as the corresponding
vectorlike PM fermions are much more massive than the
typical PM scalars by at least a factor of ~3-5, and so will
have relatively suppressed pair production cross sections.
Furthermore, this large SM background is itself seen to be
responsible for the relatively modest LHC Run 2 con-
straints [62] on any excess in the W/Z — hadrons + MET
channel arising from new physics sources. From the model-
independent results presented in Fig. 6 of this ATLAS (A
Toroidal LHC Apparatus) analysis (to which we will return
below) we see that even employing the most promising
class of signal events (those with high purity merged jets)
and also ignoring possible acceptance and efficiency
differences, the upper bound on the cross section for
this process is roughly =~7 fb, assuming a cut
MET > 250 GeV. This is seen to be more than 2 orders
of magnitude larger than our expected DP signal rate, as is
seen from Fig. 2. Clearly, assuming no very significant
improvements in the analysis, the WV final state induced
by the dark moment couplings of the W will very likely
remain inaccessible even at the HL-LHC.

Now, of course, the rate for WV production will be
substantially larger at the future circular collider hadron-
hadron (FCC-hh) due to both the much higher collision
energies and larger integrated luminosities available, and so
will very likely be accessible. However, at that point, all of
the PM scalars that have been up to now indirectly
responsible for this process via loops can be produced
on shell and directly studied. In fact, some of them, e.g.,
X, being relatively light in much of the model parameter
space, may already be directly accessible at the LHC. This
possibility was briefly discussed in our earlier work [20],
although now their decay signatures could differ somewhat
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FIG.3. Z (or X,) inclusive pair production cross section via the
qg annihilation process as a function of its mass at the /s = 13
(lower green) and 14 TeV (upper magenta) LHC, respectively.

in the present region of parameter space, as represented by
the benchmark models, from those previously assumed as
we are now living in the ¢ < 1 regime. Can the HL-LHC
directly probe the underlying mechanism that generates
these dark moment interactions instead of the interactions
themselves? If the PM had been a VLF, present LHC search
reaches may already make this an unlikely possibility.
However, in the present case, we are instead dealing with
lighter PM scalars which may be more promising. To this
end, we can ask how large the PM cross sections them-
selves are compared to the dark moment results as well as
the SM backgrounds. Clearly, this will depend to some
extent upon our specific location in the model parameter
space. In all of these considerations, it is important to recall
that at leading order in x,, none of the PM scalars will
directly couple to the SM fermions or to gluons, which are
the likely initial states in any collider production process.

Perhaps the process with the least sensitivity to the
detailed nature of the PM scalar sector occurs for the pair
production of the lightest of the charged scalars, X, via the
process gq — y*,Z* — X Z]. As was noted above, the
two neutral states, hp, H, are not accessible via Z exchange
as they both have T; = 0. The rate for X; pair production is
seen to be insensitive to the value of ¢, i.e., the relative
magnitudes of 57 and ¢, depending only upon the value of

m; and not on the masses of the other scalars. Note that
although the values of m; have been chosen to be relatively
small for our two benchmarks, a scan of the enlarged model
parameter space allows X; masses possibly as large as
roughly ~450-500 GeV in some cases. Of course, once the
2,s are produced on shell, their decays are controlled by the
value of ¢ as well as by the masses of the remaining scalars.
Figure 3 shows this production cross section at the /s = 13,
14 TeV LHC; of course, this same result will hold in the case
of X, pair production (simply with m; — m,, since the

absolute values of the y, Z couplings for X, , are identical),
except that these states are significantly more massive, so
result in a much smaller production rate.*

How will 2; decay once it is produced? Although it is
suppressed by si, we observe that the two-body decay
mode, X — Why, is always kinematically open as hp, is
very light. In principle, there is a second possibility,
2, —» WH*,’H* — all, but given the mass spectra of our
generalized benchmark models, this is (at least) a three-body
decay and so the corresponding partial width is significantly
suppressed even though it is instead proportional to the
larger cé factor. This implies that the branching fraction for
X > W'hp is essentially unity. That being the case, X;
pair production and subsequent decay will lead to the
W*+W~ 4+ MET final state in a manner qualitatively similar
to charged wino pair production—apart from the specific
spin-dependent differences in the production rate for a given
parent mass and the angular distributions of the final state
particles. We note, as will be discussed below, that this is not
the only production channel that can lead to this final state,
so that it too needs to be accounted for in a more detailed
study, and so care must be applied to any conclusions
drawn from the paragraph below without a detailed study.

The ATLAS Collaboration has performed several
searches for this final state, depending upon the possible
decay modes of the Ws, for the production and decay of a
pair of charged winos, which is just the fermionic analog of
the present process, and which are summarized (and
combined) in Ref. [63]. Of course, although the threshold
behavior of the cross section and the acceptances will be
somewhat different for the chargino case due to the
difference in particle spin, etc., perhaps these analyses
can give us a (very) crude handle on the present LHC mass
reach sensitivity for X; by converting their chargino pair
mass bounds, for massless lightest supersymmetric par-
ticles, into cross-section limits, then applying them to the
case at hand. For example, the resulting 2£0,(1£) chargino
bound, reinterpreted in the present case at face value, would
exclude the range m; < 230(280) GeV. Similarly, the
analogous search in the all hadronic channel by ATLAS
would exclude the mass window 330 < m; < 420 GeV,
which is where our two benchmarks lie. The compact muon
spectrometer (CMS) Collaboration has performed a similar
search in the case of the all hadronic final state [64] and
would correspondingly translate into a lower bound of
m; > 370 GeV; their corresponding 2£0; channel search
would not exclude any of the present model parameter
space [65]. The big problem with employing this straight-
forward translational approach is not just the differences
due to the angular distributions of the parent particle in each
case, but also their differing masses, corresponding to

*Since the 7, Z couplings are diagonal as X, , do not mix until
terms of order x?, are included, X5 production is essentially
absent.
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identical production cross sections, which will influence
the acceptances via the ps of the leptons and/or jets from
the W that are needed to pass a given set of analysis cuts.
These acceptances and efficiencies for a given analysis will
certainly differ by O(1) factors, which will strongly
influence any bound we quote. While it is clear that these
analyses, when properly applied to the current case, will
likely cut into our model parameter space somewhat,
perhaps even showing sensitivities near our fixed bench-
marks, a much more thorough analysis than that provided
here is absolutely necessary before any conclusions can be
drawn. This is especially true if the three analyses
employed for the chargino searches are to be combined,
as was done in Ref. [63], so as to obtain a stronger
sensitivity to the model space. Most of these limitations
can be resolved via a full simulation study, which will
more easily account for detector efficiencies and accep-
tances and which can employ a more sophisticated set of
cuts. Finally, we again remind the reader that this is not the
only channel that can populate this final state, as we will
see below, so that a far more detailed analysis is required
before we can come to any conclusions with respect to
allowed and disallowed regions of the model param-
eter space.

Unless one of the two Ws is missed, e.g., in the 2£0j
analysis, however, this production process will not supply a
large background to the WV-induced W + MET signal that
we were looking for as evidence of possible dark moment
W couplings, but the considerations going into the previous
discussion above have pointed us in a new direction. Since
we know that ¥, dominantly decays to Why,, the associated
production process gg' — W* — Zlhg + h.c., followed by
2, decay does lead to the W + 2hp, i.e., the W + MET
final state, albeit with a more model-dependent rate than
simple X; pair production. Here, it will be assumed that the
hp is either long-lived or, more likely, will decay directly or
indirectly into DM, thus appearing as MET. This is the
simplest (at least partially visible) final state signature that
arises for the production of the PM scalars in the present
setup. The rate for this process will be sensitive not only to
the value of m; but now also the value of ¢ which
determines the size of the mixing angle suppression, sé,

that results from the same vertex as is responsible for X,
decay, WX, hp. Figure 4 shows the production cross section
for this process as a function of m; holding the value of
t fixed to those of our two benchmark models, but now
generalized to the case where m; is treated as a free
parameter. Here, all the scalar mass ratios are still being
held fixed to their benchmark values for demonstration
purposes. Also, the same cross-section result will hold
for the case of X,hp production except for the larger
mass, i.e., m; — m,, as in the X; pair production case
above. These cross sections are seen to be quite sizable
for values of m; <400 GeV or so, being roughly 2
orders of magnitude or more larger than those for WV
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FIG. 4. Zlhz + h.c. associated production cross section as a
function of m,;, for the generalized benchmark models BM1
(solid) and BM2 (dashed) with the case of the /s = 13(14) TeV
LHC being the red lower (blue upper) member of each pair of
curves, respectively, as described in the text.

production before any further kinematic cuts are applied,
clearly making the dark moment couplings of the W
even more difficult to access.

This final state, with the W decaying hadronically, was
employed in our earlier work [20] as a possible probe of the
model parameter space and it is again useful here, not only
in this regard, but also to show how much this additional
new physics signal arising from this same model will
swamp that coming from the previously considered WV
final state. Here, we need to weight our previous cross
sections by the hadronic branching fraction of the W [57] as
well as by the appropriate mixing factor. Since our earlier
work, the LHC has accumulated roughly a factor of ~4
times the integrated luminosity and the ATLAS
Collaboration has improved upon its analysis that we
had followed earlier, Ref. [66], in the more recent work
in Ref. [62], which we now employ. From the model side,
we have now moved into the ¢ < 1 region implying that
si < 1/2, which then suppresses the production of the final

state of interest. Note that as long as we stay in this region,
cross sections larger that those for BM2 by a factor ~1.9
cannot be obtained. In particular, we see that BM1 and
BM2 lead to cross sections which are now roughly a factor
of ~4-7 times smaller than those considered in our
previous analysis. Following our earlier procedure,
Fig. 5 displays the result of these considerations comparing
the predictions of our two generalized benchmark models
for values of m; lying in the range 200-400 GeV as a
function of MET in comparison to the tightest constraint
obtained in Ref. [62] from the analysis where “high purity”
jets from the W decay are merged. Recall that as m;
increases, the model will more easily pass a given MET
threshold but, at the same time, the overall cross section is
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FIG. 5. Cross sections, as functions of the cut on the missing

transverse energy, for the W*(— hadrons) + MET final state
arising from the EIhTD + h.c. production process at the /s =
13 TeV LHC for the generalized versions of the two benchmark
models, (top) BM1 and (bottom) BM2, respectively. These are
compared to the strictest upper bounds set by ATLAS from the
high purity merged jet analysis as are given in Ref. [62], which
roughly corresponds to the upper red curve in both panels. From
top to bottom in each panel, the set of rapidly falling curves
correspond to the choice of m; =200-400 GeV, in steps of
50 GeV.

also decreasing, thus reducing the predicted m-dependent
differences. This we find results in the rather steeply
falling set of curves for both of the benchmarks in this
figure. Note that at lower values of MET, ~250-300 GeV,
the predictions of BM2 for smaller values of m, lie closest
to the ATLAS exclusion curve—approaching within
roughly a factor of ~2. Thus with larger values of ¢, even
smaller values of m; would certainly lie rather close to the
present exclusion curve. The corresponding analysis by
CMS [67,68] is more difficult to interpret in a model
independent fashion, but something we would want to
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FIG. 6. Top: associated production cross section for the X, H +
h.c. final state for the generalized benchmark models BM1 (solid)
and BM2 (dashed) as a function of m,. The lower green (upper
blue) curve in each case corresponds to the result for the /s =
13(14) TeV LHC, respectively. Bottom: cross section for the SM
Higgs mediated associated production of z,H' + h.c. (top pair
of curves) and for the H pair production (lower pair of curves)
final states, here as a function of m, = my,. For either process, the
bottom (top) curve of the pair is for the /s = 13(14) TeV LHC,
respectively. Here, for purposes of demonstration, we have
assumed that quartic couplings satisfy A", 1" = 1.

employ to confirm these conclusions. Clearly, further
accumulation of integrated luminosity and analysis
improvements will begin to probe closer to our overall
model parameter space using this final state and a much
more sophisticated analysis would certainly be warranted.
We further note that a comparison of these results with
those displayed in Fig. 2 shows that the direct production
of the PM fields in this model by just this single
mechanism will completely swamp any of the correspond-
ing signals arising from either ordinary KM mixing or that
from dark W moments considered here by up to 2 orders
of magnitude or more.

115022-11



THOMAS G. RIZZO

PHYS. REV. D 113, 115022 (2026)

So far, we have mainly concerned ourselves with the
lighter PM states, hp,X; (and, somewhat indirectly, also
the heavier charged state, X, as far as production cross
sections go). The neutral complex scalar state, H, can also
be produced in several ways leading to final states similar
to those already discussed above. Overall, however, this
complex neutral state is a bit less straightforward to
produce and analyze. As in the case of virtual W exchange
leading to the Zlhg + h.c. final state, the corresponding
mode, X, H" +h.c., is also potentially accessible but
suffers from some phase space suppression which is
not compensated for by the replacement of sé by the
somewhat larger cfb appearing in the expression for the
cross section. The rate for this process for our two
generalized benchmark models can be found in the upper
panel of Fig. 6, where we see that these cross sections still
have respectable magnitudes. Recall again that for these
two generalized benchmarks, the mass of H is completely
determined by the choice of the value of the mass
parameter m;.

h
L> %pd {2(}1},;@) [/1/ -

t

hi He) |2 =
+ (hpH + c){ 7

2(1+ )

Subsequent to ‘H production, the two-body decay
path H — W~X[ is generally kinematically allowed (as
well as being allowed by Qp conservation, unlike the
analogous, opposite-signed WX mode) for almost all
of both generalized benchmark parameter spaces. As
discussed above, since subsequently X — Wthy, this
‘H decay mode essentially leads to the WTW~ + MET
final state with an appreciable but more model-
dependent rate, as was also the case for X; pair
production itself as we saw above, but with differing
kinematics. Since the actual W*W~ 4+ MET signal for
this model is a given by a combination of these two
contributing channels with an unknown relative weight-
ing, a detailed simulation level study should be per-
formed to determine what regions of the parameter space
could lead to visibility. We note, of course, that this is not
the only possible decay path, as can be seen from our
earlier work [17] where the trilinear couplings between
the SM Higgs and the PM scalars to leading order in x,
(and so proportional to v;) were briefly investigated. In
the present notation, these interactions are seen to take
the general form given by

K \/Zh
Jag +As) + — =
(4‘I’+5)+1+zz 1+t2}

1 =7
(ﬂ4q> +}~5 - ZK) - \/El

1+ 7
. 1 Kt? ﬂ;lt
2HIH) | A" = (Mg + ) + ——— +
i (HH)[ 2(1+r2)(4‘1’+5)+1+z2 1—}—[2}

The first term, proportional to A, leads to the invisible
decay of the SM Higgs, while the second term, propor-
tional to A", allows for the decay H — hphgy which is of
immediate interest to us. We note that this same term also
will allow for hj)H + h.c. production via off-shell &gy
exchange. Similarly, the A" term and those on the last line
of this equation can lead to HH' as well as - pair
production, respectively, by the same virtual SM Higgs
exchange mechanism. In the later cases, we already know
from above that, unless the relevant quartic is very large,
%, pair production is likely by far dominated by virtual y,
Z exchange, as will be more fully seen below. The partial
width for the decay H — hphgy is given by (taking
my,, — 0 here)

R

[(H = hphsy) = Gammy,

(1 =r4), (13)

|
while that for H — W~X| is instead given by

Gpm’
F(H—-WZ)= cé FH (147 —ry)?—4r]?

2\/§ﬂ
X [(1 —r)?=2ry(14+r)+ r%‘,},
(14)

where we have defined the mass ratios ry;, =
My 1 e, /M7 0 the expressions above. Neglecting any
phase suppression for the moment, we see that the ratio

of these two partial widths is just given by
¢ [2my\*
R=_—2 L 15
ar () )

which we see is ~200 when A” ~ 1 for either benchmark
model. From this we can conclude that, unless A” is very
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large or phase space is very significantly closed, then the
W~2] decay mode of the H will generally be the by far
dominant one.

Of course, one may ask just how large the A" (or ")
quartic may be, given that we already know that A’ must be
quite small, i.e., |[V'| <6.5x 1073, to avoid the LHC
bounds on the invisible width of the Higgs [55]—as all
three of these quartics involve rather similar combinations
of parameters. To get a very rough feel for this, we can
perform a simple numerical exercise where we imagine that
A" (for some reason) is exactly zero, which, though small,
will certainly not be the case in reality. Then we can solve
for the combination A4q + A5 in terms of 4,k and ¢ and
insert this result into the expression for A” and then express
J in terms of m;, using Eq. (5) above. For a given
benchmark model, where m;, and ¢ are fixed, we can
then express A” solely in terms of the only remaining
unknown variable, k. Doing so, we then find the numerical
results

2 =581 —4.93k(10.00 — 3.19), (16)

for the case of BM1 (BM2), respectively. Clearly this
implies that A" is O(1) or possibly even larger unless « is
itself appropriately tuned in a benchmark-dependent fash-
ion. Analogously, for the case of the A" quartic, we find a
somewhat similar pair of results if we make the same set of
numerical assumptions:

A" = 1431 = 5.07x(15.92 — 1.54x), (17)

for the case of BM1 (BM2). Note that with this limited
parameter freedom, it is not possible to make both A’ and
A" small simultaneously in either benchmark model case.
It is clear from these brief considerations that both A" and
A" will very likely be (at least) of order unity. However,
unless A" is nonperturbatively large, we would still expect
the H — W™X/ decay mode to dominate. Repeating this
short study for any small, realistic value of |A'| < 6.5 x
1073 leads to semiquantitatively very similar results and the
same overall conclusions. Still, the fact that both of these
couplings should generally be expected to be large makes
us want to reexamine the production cross sections for both
the 1, H + h.c. and "M final states via an off-shell SM
Higgs exchange with this possibility in mind.

The bottom panel of Fig. 6 shows the associated
production cross section for hpH' + h.c. (upper pair of
curves) as well as for HH' pair production (lower pair of
curves) via gg — hgy, exchange as a function of my = my,
at the /s = 13, 14 TeV LHC when both 1" and A" are
taken equal to unity. We note that the lower set of curves
would also be applicable to the cases of virtual hgy,

exchange production of the Z,TZ,- final states with appro-
priately scaled quartic factors. In such cases, we find that

indeed these cross sections are seen to be far smaller that
those arising from the virtual y, Z exchange mechanism as
we discussed above, unless the relevant quartics were to be
quite large > 1. While the 2,H" + h.c. mode is observed
to have a reasonable rate, that for HH' is significantly
phase space suppressed unless the responsible quartic were
again to be much larger than unity. From the decay
discussions above, we see that hpH' 4 h.c. production
again leads to the WW~ + MET final state while HH'
production will instead lead to a 2W 4+ 2W~MET final
state, which would be rather challenging to reconstruct and
analyze.

V. DISCUSSION AND CONCLUSION

The familiar vector boson/kinetic mixing portal scenario
posits an interaction between the SM and dark sector fields
that arises solely via the kinetic mixing of the SM and dark
photons due to vacuum polarizationlike loops of other new
scalar and/or fermionic particles carrying both SM and dark
charges, i.e., portal matter. However, depending upon the
exact nature of these particles, i.e., their transformation
properties under the SM gauge group, in earlier work it was
shown that PM can also generate other loop graphs that
lead to additional forms for the SM fermion-DP interaction.
These are similar to the more familiar anomalous charge
and magnetic moment form factors and can have important
phenomenological implications. Such interactions could
even dominate over those due to ordinary KM mixing in the
determination of the DM relic density and at producing new
signatures at both fixed target and collider experiments.
However, these new interactions for the SM fermions were
generally found to also require an extension of the usual
U(1)p gauge group to some larger, non-Abelian structure
in which some of the SM fermions transform in a nontrivial
manner. One purpose of the present paper was to determine
if such sizable new interactions could be also generated for
the SM W gauge boson via scalar PM loops and whether or
not they can be led to an enhanced rate for the WV final
state signal at the LHC, which appears as W + MET, that
might then be visible above the known SM backgrounds.
This analysis was performed by employing a previously
introduced scalar PM model having an extended Higgs
sector with an additional complex SU(2), triplet as well as
a complex singlet set of scalar fields, both of which carry
nonzero dark charges beyond the usual SM Higgs doublet
which has Q,, = 0. However, it is to be noted that unlike in
the case of the previously examined fermionic PM-induced
dark moment type couplings, here no extension of the
U(1), dark gauge group was required for this goal to be
achieved, although it will be interesting to contemplate
such gauge extensions in future study. In this setup, the size
of these induced dark moments were found to be relatively
small. It seems quite likely that in the more complex non-
Abelian case, unless a clever means is found to avoid the
degeneracy issues as encountered above, the anticipated
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result in such a setup would be similar in magnitude to
those discussed here for PM scalars up to overall numerical
factors. The question would then be whether or not such
factors may be phenomenologically significant in raising
the WV cross section to the visible level, and this possibility
will be examined elsewhere.

In this paper, it was shown that the rate for the production
of the WV final state could be significantly enhanced over
that predicted by the usual KM setup—by almost 2 orders
of magnitude in some parameter space regions—via a dark
triple gauge interaction for the W. Even so, it was found
that the size of such couplings in the present scalar PM
model remained too small to lead to a visible signal above
the large SM backgrounds in this W + MET channel.
While the WV production rate might well become even
more significantly enhanced at higher energy hadron
colliders, such as the FCC-hh, it was noted that at some
point it might be possible, and more advantageous, to
instead search for the underlying physics, i.e., the direct
production of the new scalar PM particles that populate the
loop diagrams responsible for these dark anomalous
moment couplings. In fact, in some regions of parameter
space, it was shown that for direct production one does not
need to wait for the FCC-hh, as these PM scalars may
already be accessible with significant rates at the HL-LHC.
It was observed too that their production and decay
necessarily would also further increase the apparent back-
grounds for the now more indirect WV final state produc-
tion signature. However, it was also shown that these new
background sources can fortunately be turned into new
physics signals for this underlying set of PM scalar fields.

At leading order in the hierarchy of VEV ratios for the
mixings among the scalars, the PM fields do not couple to
the SM fermions and the neutral PM scalars also do not
couple to the SM Z, since they have 75 = 0. Thus the
production and subsequent cascade decay of these new
particles all naturally lead to final states of the form nW +
MET with n = 1-4 depending upon the particular PM
scalars position in the mass spectrum. Of these, the W+ +
MET and the W W~ + MET final states are of particular
interest to us, as searches have already been performed in
these two channels as part of the general supersymmetry
and dark sector programs of both ATLAS and CMS. In the
discussion above we have seen that (i) the ATLAS

W= (- hadrons) + MET, high purity merged jets search
limit comes quite close to the BM2 benchmark model
predictions for X;A, production for lighter X; masses.
Although a more detailed analysis of this signature is
clearly warranted for this model, it seems more than likely
the HL-LHC will be able to probe a reasonable fraction of
the relevant model parameter space. (ii) Similarly, the
corresponding searches by ATLAS in the all hadronic,
2£0j, and 1¢ channels targeting pairs of winos decaying to
Ws plus the LSP were also shown to have some significant
sensitivity to the process of X; pair production and
subsequent decays. However, the differing acceptances
and analysis efficiencies due to the distinction in the parent
particles spin and cross section for a fixed parent particle
mass value makes any direct conclusions difficult without a
realistic detector-level simulation study. It is well known
that such shortcomings and limitations as these could be
overcome, for example, through a dedicated Monte Carlo
simulation and detector-level recast as has been the case for
other parton-level analyses.” Nonetheless, it is more than
likely that the HL-LHC will also be able to probe a
reasonable fraction of the parameter space of this scalar
PM model using this final state as well.

Hopefully, some signals from the dark sector will soon
be observed in the laboratory.
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