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Kinetic mixing of the dark photon, the gauge boson of a hidden U(1),,, with the Standard Model (SM)
gauge fields to induce an interaction between ordinary matter and dark matter (DM) at 1-loop requires the
existence of portal matter (PM) fields having both dark and SM charges. As discussed in earlier work, these
same PM fields can also lead to other loop-level mechanisms besides kinetic mixing that can generate
significant interactions between SM fermions and the dark photon in a manner analogous to those that can
be generated between a Dirac neutrino and a SM photon, i.e., dark moments. In either case, there are
reasons to believe, e.g., due to the renormalization group equation running of the U(1),, gauge coupling,
that PM fields may have ~TeV-scale masses that lie at or above those directly accessible to the HL-LHC. If
they lie above the reach of the HL-LHC, then the only way to possibly explore the physics at this high scale
in the short term is via indirect measurements made at lower energies, e.g., at lepton colliders operating in
the m, to 1 TeV range. In particular, processes such as e*e~ — y +- DM or e*e™ — ff, where f is a SM
fermion, may be most useful in this regard. Here we explore these possibilities within the framework of a
simple toy PM model, introduced in earlier work, based on a non-Abelian dark gauge group completion
operating at the PM scale. In the kinetic mixing setup, we show these efforts fail due to the inherently tiny
cross sections in the face of substantial SM backgrounds. However, in the case of interactions via induced
dark moments, since they necessarily take the form of higher dimensional operators whose influence grows
with energy, we show that access to PM-scale information may become possible for certain ranges of the

toy model parameters for both of these e*e™ processes at a 1 TeV collider.

DOI: 10.1103/PhysRevD.109.055039

I. INTRODUCTION AND OVERVIEW

The Standard Model (SM) has been very successful at
describing experimental observations made over a very
wide range of both energy and physical scales. Perhaps its
greatest challenge is that it does not explain the nature of
dark matter (DM), for which no SM candidates exist, and
also how such DM may interact us, if at all, in a non-
gravitational manner. This additional new interaction,
which is expected to be quite weak (if actually present),
is more than likely to be necessary for the DM to achieve
the value of its relic mass density as measured by the
Planck Collaboration [1]. Possible models of what particle
DM may be now go back some decades, the traditional
candidates being the QCD axion [2-4] or a possible
member of the family of weakly interacting massive
particles, i.e., WIMPS [5,6]. Searches for both of these
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types of DM candidates continue to dive ever more deeply
into regions of smaller cross section and over an ever
widening range of particle masses as experimental sensi-
tivities increase. While either one (or both !) of these types
of particles may yet be found, the many searches over the
years have so far produced only negative results, be they
direct or indirect detection experiments or via the on-shell
DM production at the LHC [7-11], with the result being
that a respectable fraction of many of the proposed models’
parameter spaces have now been excluded.

In parallel with these ongoing searches, it has become
quite clear that the set of possible particle DM models is
vastly greater than what had been previously anticipated.
Hypothetical DM candidates now cover extremely broad
ranges in both masses as well as coupling strengths to at
least some of the fields of the SM [12—17]. To make even
partially adequate coverage of this now huge parameter
space will require wide varieties of different types of
experiments which will aim at various subregions of mass
and coupling strength lying within it. In order to broadly
describe the nature of the possible interactions between DM
and the SM it is possible to construct effective field theories
(EFT), called “portals,” involving interactions which
can be further classified as being either renormalizable
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(i.e., having mass dimension < 4) or nonrenormalizable
(i.e., with dimension > 4)1 In either case, in addition to the
DM and SM fields that we wish to connect, the various
portals scenarios frequently require the existence of a
variety of new mediator fields which are specifically
designed to link both the visible and dark sectors in rather
well-defined manners.

Of special interest to us here is the renormalizable kinetic
mixing (KM)/vector portal [18-20] which has gotten much
attention in the recent literature. One reason for this is that
for an interesting range of model parameters, the DM can
be a thermal relic [21,22] while still avoiding numerous
other experimental constraints. This scenario envisions a
new gauge boson, the dark photon (DP) [23,24], V,
associated with a hidden abelian gauge group, U(1),
(generally assumed to be broken, as in the SM, by the vev(s)
of one or more dark Higgs fields) having a corresponding
gauge coupling, gp. It this type of setup, unlike in the
familiar WIMP models, the thermal freeze-out of the DM
yielding the observed relic density will now occur only for
comparable, sub-GeV masses for the DM and DP and then
only if the strength of the DM-SM interaction is of the
correct magnitude. In this class of models, the SM fields are
assumed to be neutral under this new U(1),, gauge group,
i.e., they carry zero dark charge, Qp, while the DM carries a
nonzero charge. The desired SM-DM interaction, which
needs to be quite weak, one imagines happening at the
loop-level through the existence of some additional new
heavy particles, here called Portal Matter (PM) [25-40],
carrying nonzero values of both the U(1),, as well as SM
charges. The KM of the DP with the SM photon can then be
described in the IR limit as the result of vacuum polar-
izationlike graphs in which the PM fields participate; the
strength of this kinetic mixing at such low scales is then
given by a dimensionless parameter which is obtained by
considering the sum

2
9dpe me
€= 241_)”2 Z(niNciQem,iQDi) ll’l,u—zl, (1)

where e is the wusual QED gauge coupling and
m;(Qemi» Op.» N.,) are the mass (electric charge, dark
charge, number of colors) of the i PM field running in
the loop. Also here n; = 1(1/2) if the PM particle running
in the loop is assumed to be a chiral fermion (complex
scalar). From this expression we see that if the condition

Z'liNc,»Qem,iQDi =Tr QemQD = 0’ (2)

lof course, such nonrenormaliazble interactions may them-
selves simply be the result of integrating out very massive fields
in a more UV-complete picture. This may also be true as well in
the case of some of the renormalizable portals.

is satisfied, as may likely be expected in the case in a full
UV-complete model (which in such a setup, is satisfied then
separately for both the T3, and Y/2 SM diagonal gen-
erators), then € becomes a finite and, in principle, calculable
quantity. Interestingly, when both the DM and the
DP are sub-GeV in mass, one observes that the magnitude
of € is constrained by numerous experiments as well as
the value of the relic density to lie very roughly in the
€ ~ 107G range, a value that we might have expected
since it originates from a loop process. Importantly, in such
a setup, for either (i) p-wave annihilating DM (e.g., it being
a complex scalar) or (ii) for pseudo-Dirac DM with a
sufficiently large mass splitting, it is found that the some-
what tight constraints arising from the CMB on DM
annihilation into electromagnetically interacting final states
can be essentially avoided [1,41-43] for a significant range
of model parameters. In addition, this same set of parameter
choices also allows one to escape other significant con-
straints in this DM mass range arising from, e.g., the
galactic x-ray flux [44] and the 511-keV line data [45].

Now in a purely bottom-up approach, one might not
expect Eq. (2) to hold in general except by construction,
without it being due to any particular symmetry or relation-
ship between the Qp and Q,,, (or more generally, 7'3; and
Y) charge generators. In such a case, this condition is more
that likely insufficient to insure that e will remain finite and
calculable at higher orders in perturbation theory. However,
as noted, our eventual goal is the construction of a fully
UV-complete, “GUT-like” model wherein such a symmetry
can naturally exist and is typically found to be quite
common in such setups. For example, consider the familiar
breaking of Es — SU(5) x U(1), x U(1),, where the SM
is embedded in SU(5) and now let Q' be an arbitrary linear
combination of the U(1), and U(1),, generators. Then it is
easily shown, by employing the well-known orthogonality
of the E4 generators, that for any complete representation,
R, one finds that

TrR<T3L7 Y)Q/ - TrRQemQ/ - O’ (3)

which is just one example of Eq. (2) above. When such a
condition holds naturally as a result of the UV-complete,
GUT-level gauge symmetry which is then only sponta-
neously broken as in this example, it maintains the finite-
ness and calculability of e through to higher orders. We
will, however, have no need of making any direct use of this
particular result in the analysis that follows below.

Now once we independently posit the existence of PM,
other loop diagrams can also be contemplated which may
induce a different type of interaction between the SM fields
and DM, particularly as it is likely that the U(1), gauge
group must be embedded into some larger (at least
partially) non-Abelian structure before a very large mass
scale is reached [31,34,46,47]. The reason for this, and as
we will briefly review below, is that once we know the
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particle content of the model (be it either (i) or (ii) above) at
the sub-GeV scale, M;, we can use the renormalization
group equations to run the U(1),, gauge coupling, or more
precisely ap, = g3 /4, to larger scales, M U.2 Generally one
finds that, as U(1), is not asymptotically free, for a
significant span of low scale values, ap becomes non-
perturbative (or even runs into a Landau pole) when mass
scales in the range ~ a few to 10’s of TeV are approached
and this can only be remedied by an embedding of U(1),
into this larger non-Abelian group, G, which is asymptoti-
cally free before this scale is reached. Some possibilities for
G have been discussed in earlier work [25-40]; a general
feature of these analyses is that one usually finds that at
least some of the particles of the SM will lie in common
representations of G together with some of the PM fields.
This means that there will exist heavy gauge bosons in G
which will link these two sets of fields and can then yield a
loop-induced, three-point coupling of the SM with the DP,
V. As shown in earlier work [30] (and see also [48]),
hereafter referred to as I, this interaction is similar to that
induced between the electrically neutral SM neutrino or
DM’ with the photon and can be expressed at low energies
in the form of (now dark) dipole moments and other form
factors for the SM fermions. While the nature of this
interaction is clearly quite different than that generated via
KM, it was found that this scenario could just as (or more)
easily satisfy all of the existing low energy experimental
constraints over a respectable range of parameters similar to
those in the KM picture. We note, however, for this
approach to be viable the PM fields must be somewhat
heavy vectorlike fermions [51]. Although the physics of the
KM and that of the “dark moments” portals would appear
to be quite different below M, (apart from the running of
ap which is unaffected by this choice), once M, is actually
reached, both scenarios would share many of their common
elements: PM fields, new heavy gauge bosons and the
heavy dark Higgs fields necessary to break the group G
down to U(1),. In both cases, one of the simplest
possibilities for G is the SM-like structure G =SU(2); x
U(1)y,, as was discussed in Ref. [26]* and which was

motivated by E¢-type gauge models [53] although some-
what more complex scenarios are easily constructed, e.g.,
in Refs. [29,38,40].

Unlike in the KM scenario where the strength of the
SM-DM interaction, as measured by €, depends only upon
the ratios of the various PM masses, in the dark moment
approach, the overall scale of the masses of these new fields
is also relevant and for this setup to be phenomenologically
successful these states cannot lie too far above the TeV
scale. This further strengthens the arguments made above,

“Recall that SM fields will play no role here as they all
have Qp = 0.

3See, e.g., Refs. [49,50].

“See also Ref. [52].

based on the running of «, about the scale M not being
allowed to be very high. However, LHC searches have
already been shown to lead to some significant constraints
on these various types of new particles that need to live near
the scale M ~ a few TeV. Given this, one might ask what
would happen if M;; were only a bit larger than the current
bounds, by no more than a factor of 2-3, so that these new
states would all lie beyond the reach of the HL-LHC or
have production cross sections which are too small to be
observed? Clearly, until much higher energy machines,
such as FCC-hh or multi-TeV muon colliders, are con-
structed in the relatively distant future, we will have, at best,
only an indirect window into the physics at the M ; scale for
either the KM or dark moments portal pictures. If either (or
some combination of) these models were to be realized,
what would we be able to learn about the nature of this
higher scale physics from the set of indirect measurements
made at lower energies? In addition to the numerous (very)
low energy measurements that are or soon will be available
below the /s ~ 10 GeV scale of Belle II, data from e*e™
colliders in the /s = M, — 1 TeV intermediate energy
range, but still operating below the scale M, will at some
point also come into play, and may provide the needed
information for us. In order to address this question we will
make use of a simplified, toy model version of the G =
SU(2); x U(1)y, scenario discussed above which was first
introduced in Ref. [30] wherein the SM electron shares a
representation of G with (at least) one PM field. Within this
simple model will consider both the KM and dark moment
setups and ask what if anything we can deduce about PM
scale physics via these indirect ete™ measurements.

The outline of this paper is as follows: Following the
present Introduction, in Sec. II, we will return to the toy
model presented in I, generalizing the basic setup there to
allow for higher energy interactions of the SM fermions
with the DP, and discuss how it can be used to think about
the SM interactions with DM generated by either the KM or
dark moment model structures. Generally, this will mean
that in the dark moment case we must (at least) include
operators/terms of the next higher dimension than those
employed in I that will grow more strongly with g*. We will
then return to the issue of a likely upper bound on the value
of My, which is common to both of these setups, for the
two differing assumptions made above about the nature of
the DM briefly mentioned above. In Sec. III, we explicitly
extend the toy model predictions for the dark moment
interaction to the first two next to leading order terms in g*
as would be relevant for measurements made at intermedi-
ate energies, /s = M, — 1 TeV, but still below the on-
shell PM production scale which we assume to be O (M)~
several TeV. In Sec. IV, we provide an overview and
background discussion for the testing of both of these
model frameworks at future e e~ colliders running in this
intermediate energy range. Section V explores the issues
associated with the precision measurement of the radiative
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eTe™ — DM process at intermediate energies at colliders as
a means to indirectly probe M-scale physics in both toy
model setups. Here we show that the situation in the KM
framework seems quite hopeless but at least some portions
of the dark moments toy model parameter space may be
more amenable to these efforts. In Section VI, we examine
how dark moments may alter the production of purely SM
final state processes, e.g., e e~ — utu~ as well as Bhabha
scattering, and their usefulness in exploring M scale
physics within the toy model framework. As was the case
for DM pair production, it again seems likely that a
significant range of the toy model parameters will allow
us to extract information about My, scale physics here as
well. A summary and our conclusions can be found in
Section VIL

II. BACKGROUND AND OVERVIEW
OF GENERAL SETUP

In order to indirectly probe what new physics may be
active at the PM scale we must first resolve the issue of how
the SM-DM interaction is generated. As was noted in the
Introduction, we will exclusively consider one of two
extreme portal scenarios wherein the low energy interaction
between the dark sector and the SM are in either case
generated by loops of PM fields. For concreteness in the
following discussion these are specifically identified as
vectorlike fermions (VLF) carrying charges from both
sectors and which live in a more UV- complete structure
at a larger scale, My ~TeV scale or above. As was
discussed in I, both of these setups can lead to thermal
DM at the sub-GeV mass scale for a respectable range of
parameters while also avoiding other existing constraints.
We will then attempt to address the question raised in the
Introduction: “What can indirect measurements, made at
intermediate energies below the scale M, which are
currently or ‘soon’ to be accessible, tell us about the
physics at/above it?”. Specifically, in terms of the toy
model employed here, we would like to know what such
measurements can tell us about the presence of the new
fields that exist in this model, e.g., their masses and
interactions.

The physics in the KM scenario is very familiar but that
of dark moment case is less so; here, we review this setup
quite generally and then focus on the framework of the toy
model introduced in I as will be needed for our further
discussion.’ To begin, it is well known that the interaction
of a SM Dirac fermion having a vanishing dark charge at
tree-level with a single DP, V, can, in analogy with the

’Some of the phenomenological difficulties of the original toy
model are discussed in I. It can be made more realistic [38] but
only at the price of introducing many more fields and additional
parameters thus making the essential physics far less transparent,
especially for many aspects of the important aspects of the
present discussion.

ordinary photon, be described by the three-point effective
vertex

L =if(p"\T.f(p)V*(q). (4)

with ¢ = p — p’ and where for the case of on-shell external
SM fermions, f, we may write in all generality (here very
loosely employing the notation of Ref. [54]) that

I = ecQyr, + L [w(q?) + By
2., _
SO ey sy )

A

where we have explicitly extracted inverse powers of the
dimensionful overall scale factors, A ,, and where M, E, C
and A are now dimensionless, qz—dependent, form factors.
Here, Q¢ is just the usual SM electric charge of the fermion
f and, as above, gp is the U(1),, gauge coupling. In the
limit of CP-conservation and also of parity-conserving SM-
PM interactions, as will be the case for the toy model
introduced in I and that will concern us in the discussion
below, we can rewrite this three-point vertex in a somewhat
more familiar notation simply as,

(v —a.4)

igDU/,qu
4}72
Af

Fi(g?).
A 1(g%)

(6)

where F, is the usual magnetic dipole moment form factor
while F is a truncated chargelike form factor defined such
that last term in the above expression vanishes as g*> — 0
for a DP coupling to a conserved current, as will always be
the case below. Note that with this assumed structure, the
leading term in both F, and F,; for small ¢* is just a
constant followed by a power series in g>/m?* where m is
some large scale of order that of the PM masses. This will
be seen explicitly in the toy model below.

In the first, quite familiar, portal scenario that we
consider, the interaction of the DP with the SM fields is
generated by the PM fields in the vacuum polarizationlike
one-loop diagrams discussed previously which leads to the
usual KM of the DP with the SM photon; this type of
dimension-4 coupling is described by the familiar first term
in the interaction above with the loop suppression found in
the small parameter €. The second, somewhat less familiar
possibility, as discussed in I [30], is that KM is for some
reason suppressed and the ffV three-point function is now
directly induced by the one-loop vertex diagrams such as
those shown in Fig. 1 from I. In this case, this interaction
corresponds to the second and third terms in the three-point
function decomposition above and we will refer to this
setup below as the Dark Moment (DMom) portal scenario
to contrast this with ordinary KM. The leading contribution
to this interaction arising from these terms in the ¢g> — 0

I =eeQsy,+ (¢*)+9p
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FIG. 1. One-loop vertex diagrams that can generate the dark
moment type interaction terms in the toy model as discussed in
the text from I. There are no graphs where the dark photon, V, is
emitted from the external lines as the SM fermion, f, is assumed
to be neutral under U(1), i.e., has Qp = 0.

limit, as is relevant al lower energies, say /s < 10 GeV,
was the subject of the previous work in I [30]. We note that
while we will take an either/or approach to these two portals
in what follows, it is not unlikely that both of them may be
active simultaneously. We also recall from these earlier
discussions that whereas other charged SM fields, such as
the W=, will also interact with the DP through the same
type of e-suppressed coupling in the KM scenario, W* will
not have one-loop induced DMom-type couplings in the
present realization of the DMom setup even though such
coupling structures are easily written down in a fashion
analogous to the familiar anomalous gauge couplings. This
is due to the fact that the PM fields themselves are here, by
assumption in this toy model, fully vectorlike as far as all of
their gauge interactions are concerned and so a W W~V
coupling induced by a PM fermion loop is forbidden at this
level by the usual charge conjugation invariance arguments.
In our previous consideration of the DMom scenario, we
limited our discussion to energies at or below that of the
BABAR and Belle Il B-factories, /s ~ 10 GeV, and as such
only the leading term in F, (i.e., essentially a scaled A,)
was relevant to the discussion as terms arising from F; (as
well as the higher order terms in the ¢ expansion of F,) are
necessarily highly suppressed by powers of large mass
scales. Thus, apart from the sub-GeV particle masses
themselves, only the values of A, and ap = g3 /4n were
phenomenologically relevant for making any predictions in
our previous study. As we go to higher, intermediate
energies (but still remaining at scales below My;), this will
no longer be the case and, at the very least, we might expect
that the lowest sub-leading term in F, as well as the leading
term proportional to F 1, 1.e., the value of A, will now also
become of some numerical importance. We assume that this
will be the case in the discussion that follows and then use
these new terms to potentially access M, scale physics.
Before this discussion, we need to justify our expectation
that for much of the parameter space, M, is likely not too
far away from the TeV mass scale so that indirect probes are
in principle possible. To begin our analysis and recalling
earlier studies [31,34,46,47], we notice that both of the KM
and DMom portal scenarios have a single common feature
at scales significantly below M ;. Based on the low energy,
<1 GeV, particle content of the model and the fact that SM

fields do not carry a U(1),, charge, one can examine the
running of the corresponding gauge coupling and estimate
a bound on the mass scale M, by asking where we might
expect the value of ap to become nonperturbative or even
have a Landau pole. We should then expect that before this
can happen U(1),, must be embedded into a larger, non-
Abelian gauge group. One advantage of probing the
renormalization group equation (RGE) running of ap is
that it only depends upon the low energy content of the
model and not upon the detailed PM physics that takes
place at/near M generating either the KM or DMom
interaction structures between the DP and the SM that we
are examining here. This type of analysis has been
performed several times in the literature employing various
input assumptions but always yielding semiquantitatively
quite similar results [31,34,46,47]. Fig. 2, which general-
izes the results from Refs. [31,34], shows the 3-loop
running of ap in the MS-bar scheme in the limit that the
contribution to the running from the dark Higgs (DH) quartic
and, in the case of pseudo-Dirac DM, the corresponding
DM-DH Yukawa coupling, can be ignored.® Here, the low
mass scale, M , is that corresponding roughly to the DM, DP
and DH masses which are assumed to all be lying in the
range ~0.1-1 GeV. From this figure we see, e.g., that for the
case of pseudo-Dirac (scalar) DM, a, will become non-
perturbative at or below M, = 3 TeV if ap (M, ) is greater
than ~0.175 (~0.420) when we take M; = 100 MeV,
corresponding to the ratio My /M, = 3 x 10*.

Of course the large values of ap as shown in this figure
are not meant to actually justify their usage. They do show
that if large couplings were to be realized at low scales then
the RGE evolution would result in even larger coupling
values as the relevant scale increases. This points to a
needed, at least partial, embedding into an non-Abelian
group (to flip the sign of the #-function) at energies not too
far above those currently being studied. However, it is to be
noted that this coupling range is observed to have a
significant overlap with the values chosen in many phe-
nomenological studies at low energies at/below the
<10 GeV scale [12-17]. Obviously, for a fixed value of
€, since it scales as /ap, increasing ap would require a
somewhat higher degeneracy in the PM masses or a (finer)
cancellation among the terms contributing to Eq. (1).

Under these same set of assumptions, Fig. 3 gives a
somewhat different perspective on these same results
displaying the ratio of ap(My)/ap(M;) as a function of
the corresponding value of M;;/M; and which shows the
rapidity with which ap, is actually running. This format will
be useful below when we discuss the measurements
involving the running of the U(1),, gauge coupling relative
to its value at M as would be determined by, e.g., the value
of the DM relic density and low energy experiments. From

%Possible terms of O(€*) £ 1077 have also been neglected in
obtaining these results.

055039-5



THOMAS G. RIZZO

PHYS. REV. D 109, 055039 (2024)

108

105 L

104

103

MU/ML

102

10!

||||||||| ||||||||| |||n|||| |||||||| 1 |||||||

100 L L L L L TR
0.2 0.3 04 05 06 070809 1

[25))

o
=

108

105 L

104

103

MU/ML

102

10!

100

[

FIG. 2. The value of M, /M, as a function of a; employing
3-loop running in the MS-bar scheme for either the assumption
of (top) pseudo-Dirac or (bottom) scalar DM. The curves from
right to left in the Top panel assume that ap(M;)=
0.250,0.225, ...,0.100, respectively, whereas the corresponding
curves in the Bottom panel are for the values ap(Mp) =
0.50,0.45,0.40,0.375,0.35, ..., 0.25, respectively. The dashed
line, to guide the eye in both panels, corresponds to M, = 3 TeV
when M; = 0.1 GeV. Potential contributions from the DH
quartic and from the DM-DH Yukawa coupling are ignored here.

this Figure we can see that this RGE running becomes more
rapid as My /M, increases and, e.g., going from M; =
0.1 GeV up to the 0.25-1 TeV scale of possible future e e~
colliders, the ratio of coupling strengths can be quite large,
possibly increasing even by up to a factor ~2 over this
range. This rapid change in coupling strength with energy
will impact our discussion below.

III. HIGHER ORDER TERMS
IN DMom—REVISITING THE TOY MODEL

To address some of the issues raised in the previous
section about the DMom scenario, we must return and
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FIG. 3. The behavior of the ratio ap(My)/ap(M;) at the
3-loop level in the MS-bar scheme for the same assumptions as in
the previous Figure as a function of M;/M; for different
assumed values of ap (M) for the case of (Top) pseudo-Dirac
or (Bottom) scalar DM. In the Top panel, from right to left,
ap(M;) = 0.025,0.05,0.10, ...,0.25, respectively, whereas in
the Bottom panel, it ranges from 0.05 to 0.50 in steps of 0.05,
respectively.

remind ourselves of some of the details of the simple, yet
representative, toy model that was introduced in I. This
scenario was based on the work in Ref. [30] and which was
then more fully realized in a rather complex manner in
Ref. [38]. The sole purpose of this toy model in I was to
obtain typical and suggestive values of the scale parameter
A, that could then be used to compare with a broad set of
low energy experimental constrains. Here we need to return
to this simple model in order to extend this analysis to,
among other things, determine the typical size of the next to
leading terms in the ¢> expansion in the ffV interaction.
This setup, or a slight generalization thereof, can then be
used to probe the UV sensitivity of measurements made at
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intermediate energies below the scale M, for either the
DMom (or KM) scenario(s).

The basic idea is to imagine that typical SM fermion
fields, e.g., the electron, e (with which we will be mostly
concerned with below), lie in a representation of a larger
non-Abelian gauge group into which U(1), is embedded at
a scale ~M; and they share this representation with at least
one PM field, e.g., E, having the same QCD and electro-
weak quantum numbers. In the simplest version of our toy
model, the usual U(1), is embedded in a SM-like
SU(2); x U(1)y, group so that together e, E belong to
an SU(2), doublet with Qp = T3; + Y;/2 and such that
Op(e) =0 while Qp(E) = —1. In a manner again similar
to the SM, there will exist a non-Hermitian, but electrically

neutral, gauge boson, W;T) with Op = +£1 linked to the
SU(2), isospin raising and lowering operators, that con-
nects these two fields with assumed to be vectorlike
couplings, ~ \/—eyﬂEW" + H.c..” It is further assumed that

E as well as both of the toy model gauge fields, W; ), VAR

(but not the DP) all have masses near the scale ~M; up to
O(1) factors. As has been much discussed, we note that in
such a setup, the vectorlike PM lepton E will via mixing, by
far, dominantly decay as £ — eV and not into the SM
Higgs or gauge bosons. Recasting the existing 13 TeV LHC
searches with L = 139 fb~! of integrated luminosity, the
authors of Ref. [55] have shown that mg = 0.90 TeV. At
the HL-LHC with L = 3 ab™!, a similar null search would
lead to the corresponding lower bound of mg 2 1.45 TeV.
We will assume that m satisfies this bound below so that
the HL-LHC is incapable of directly producing PM scale
physics at an observable rate, forcing us to rely on indirect
signatures. Identifying f = e and F = E in Fig. 1, we can
now see how the eV form factors F, F, are generated and
that they will be functions of the mass ratio a = mg/m, .
We note that by complete analogy with the SM, one
observes that now ap = s?a;, where a; = g7 /4x as usual,
and the mixing angle x; = 57 is the analog of the usual
weak mixing angle, x,, = sin’d,,. Note that since x; < 1,
the requirement that a; be perturbative will likely lead to an
even stronger upper limit on the value of M, than those
discussed above. If SU(2); x U(1)y, is broken only by an
SU(2),; doublet (although this need not be the case in
general), again in complete analogy to the SM, one has
My, = c,MZI.8 Thus, as far as what concerns us here, if ap
were known then the only free parameters in the toy model
at the high scale are mg, my, and either 57 or My,. Of
course, we can easily imagine slightly more complex toy
models wherein the electron shares a larger representation
of G with two (or even more) PM fields, e.g., (E, E') = E,,

"Our primary reason for introducing this toy model is to
motivate such a coupling between SM and PM fermion fields.

It is important to note that in much of the discussion below we
will ignore the influence of the Z; gauge boson.

with opposite values of the dark charge Qp; we will make
use of this possibility as well below when we consider the
running of e in the KM setup as such a model will also
render this quantity finite as discussed above.

As far as the DM itself is concerned, we will assume for
simplicity in this setup that it lies in a |Qp| =1, SU(2),
singlet representation so that it will not couple in an off-
diagonal manner to W; as does, e.g., the electron. This
will be of some relevance in our discussions below.
Alternatively, one might imagine that the DM lies in an
SU(2), doublet together with, necessarily, a Qp = 0, SM
singlet state which may lead to some interesting model
building, especially in the fermionic case, as will be
the subject of later work. We will not, however, pursue
this significantly more complex possibility in the present
analysis.

It is important to note that one of the reasons we refer to
this setup as a “toy” model is that we are making use of its
structure only to motivate the possible magnitude and
parameter dependence of the three-point functions arising
from these graphs while we are simultaneously ignoring
any of its other possible implications, e.g., the effects of Z;
exchange or other potential loop-level effects. Of course in
the case where the electron occupies an SU(2), triplet with
the E, E' PM fields, it does not couple to the Z; gauge
boson as it has both 753;, Op = 0. In any case, we should
not take these toy models too seriously in our discussion.

Given these assumptions, we can proceed to extract the
specific interaction pieces that we need in our analysis by
employing several sets of results from the existing liter-
ature. We begin by considering the dipole momentlike term
proportional to the form factor F,(g?); noting that
Op(W;) + Op(E) =0, we find that we can express this
term as

Fz(q ) -0
A, W16ﬂs1 mg

(Li(»)+ (). ()

where Qy = Qp(W;) which we can define to be unity, and
where / l’z(qz) are parameter integrals arising from the left
(V emission from the fermion line) and right (V emission
from the gauge boson line) diagrams in Fig. 1, respectively,
and are given explicitly by

i —a [ @Y [L
I,(q)—a/o dt QAitanh \/;t , (8)

with a = mg/m3, , Q = ¢*/4mj, < 1 by assumption and
where we have defined

Aj=1—-t+at, Ay=t+a(l—1);
Ny=1-t+at/4, Ny=t+a(l-1)/4. 9)
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We can easily expand this expression in powers of Q as

1 [tN; £N;
2\

Ii(q)—a/od{A + 0 A2—|— (10)
since we are only interested in the leading correction
beyond the familiar g> = 0 result and from which analyti-
cal results can easily be obtained. From this we see that we
can freely define the combination

16msimpg

a2 (125) (2 rev.

which is roughly of the anticipated magnitude from L’ and
by performing the above integrals and summing we can
now write the two leading terms in the ¢ expansion as

A2:

2

Faa?) = Faola) + s fr(@) + 0(a"). - (12)

now neglecting all of the suppressed higher order terms in
g*. The leading term, f5,, produces the previously intro-
duced dark dipole moment and has a well-known func-
tional form as given in, e.g., Refs. [56-58], while f»,
produces the necessary leading order correction term in g>
we are seeking. It is important to notice the potentially
small prefactor in front of f,; as it will be of some
numerical relevance in the discussion that follows.
Explicitly, one finds that

(t1+1) (t3+14+15)
fzo(a):a(al_l)23, fala)= 2ﬁ’ (13)
where the ¢; are given by the expressions

ty = (a—1)(a*+a+4)—6a log(a)

t=(a—1)(a*-1la+4)+ 64> log(a)

t3="6(a—1)(a®-1)

ty = =3(a—1)*(a* —=9a + 4)

ts = [2a*(a — 13) 4 8(2a + 1)] log(a). (14)

In a similar fashion we can also determine the leading
piece of the term proportional to F; since we expect that the
higher order terms can be safely neglected and as we will
find below. This calculation essentially mirrors that for the
neutrino charge radius (although the relevant fermions are
neutral with respect to different gauge groups) as is given
in, e.g., Ref. [57]. We find that

°In making numerical estimates in what follows, we will
always assume for simplicity that s7 = x,,.

Fl

= Qw fl(a) +0(4). (15)

144

now employing only the term with ¢g> = 0 so that we can
make a convenient normalization choice for A;:

144752\ 1/2
()
D

~asal (P) (Y (O] pev, (16)
() ) ()

which is again of the expected magnitude and, by employ-
ing Eqgs. (43)—(46) in Ref. [57] and summing, we can obtain
a relatively compact expression for f(a), apart from the
overall scaling factor of A; above, i.e.,

(te +17) +5 (15 + 1)
(a=1)*

fila) =a , (17)

where now

te = (a—1)(25a> = 29a — 2) — 6(6a* — 9a + 2) log(a)
t;7 = —(a —1)(43a® — 65a + 16) + 6a*(5a — 6) log(a)
tyg = —(a—1)(7a* = 29a + 16) + 6(2 — 3a) log(a)

to=—(a—1)(11a* = Ta +2) + 6a°® log(a). (18)

Once we are open to possible graphs that may be
contributing to dim-8 DM interactions of the DM with
the SM fields, one may worry that, e.g., in addition to the
1-loop vertex graphs above, box graphs with internal PM
and W, states may also contribute to the interactions
discussed below. However, here the assumption that the
DM is an SU(2), singlet field, as mentioned above, comes
directly into play since, by this assumption, the W; cannot
connect the DM directly to any other state (the DM being a
singlet) as it does for e and E in Fig. 1. Then, under the
assumptions of the toy model discussed above, the only
manner in which the DM can interact with SM fields is via
a DP exchange. This means that there can be no, e.g.,
analogous 1-loop box graphs, or any other kind of 1-loop
graph in which the DM field connects directly to a loop,
that we need to consider as possible contributions to this
interaction.

Fig. 4 displays the a-dependence of the two functions f,
fo0 and the ratio r = f,,/f5 as given by the various
expressions above. Here we see that, e.g., f1(a) is always at
least a factor of a few to an order of magnitude larger than
f2(a) while the ratio r(a) is always roughly an order of
magnitude smaller than f5y(a) itself. As we will see, both
of these numerical results will have important impact in the
discussion below.

From I, we recall that we already know that
Ay/(apfa) 2 100 TeV from BABAR null searches for
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10!

FIG. 4. The values of the functions f; (top), f»¢ (middle), and
the ratio r = f,,/f, (bottom) as functions of the parameter
a = mg/mj, for the simple toy model as discussed in the text.

ete” — Vy made at /s ~ 10 GeV [59] so our parameter
choices must respect this constraint. Further, as this
eTe™ = Vy process, with V on-shell, can only probe the
f2o term of F,, as then ¢g*> = m? < s, we need to employ a
different process or processes with V off-shell in order to
probe the next to leading order terms we are after here.
Further, it is important to remember that at low energies, as
in I, there is essentially only just this one combination of
numbers coming from the DMom setup of phenomeno-
logical relevance. With just this one number alone we can
learn very little about the physics at the M, scale. However,
if we also know both r as well as the ratio of F,/F, we
have a lot more handles on this physics. Can we measure
these new effects at higher, intermediate energies? This is
the question to which we now turn below.

IV. e*e~ MEASUREMENTS
AT INTERMEDIATE ENERGIES

What measurements are possible at energies below My,
that are likely to provide us with information about
physics at or above M;? What model parameters are
available to be determined? In addition to knowing the
DP, DM and potentially the dark Higgs masses and other
properties [60], that are common to both the KM and
DMom setups, we first need a way to clearly distinguish
these two scenarios to make further progress—but this
hopefully may be relatively straightforward in the coming
years. Provided a signal for DM is indeed observed,
which we will assume here, one very important lower
energy measurement will, at the very least, cleanly
separate the standard KM from the DMom scenarios
provided the relevant range of model parameters is
accessible: the angular distribution of single photon plus
missing energy events in eTe~ collisions arising from the

on-shell process ete™ — Vy, where the V decays invis-
ibly to DM. As was explored in I, at BABAR/Belle 11
energies of order /s ~ 10 GeV, the predicted angular
distribution of the photon in the two models is quite
different, being essentially flat in the DMom setup while
scaling like ~(1 4+ z%)/(1 —z?), with z = cos®, within
the usual KM scheme, both in the m? /s — 0 limit. The
planned integrated luminosities at Belle II are also likely
to eventually cover the relevant range of the e parameter
space [61,62] and so will discover or discredit either (or
both) of these scenarios. Thus, by the time that, e.g., eTe™
Higgs factories will be turning on, we should know if
either of these models is in fact realized by nature. We
will proceed under the assumption that this has indeed
transpired and that the choice of KM vs. DMom scenario
has been resolved by such measurements; however, we
will consider both setups in the discussion here as we do
not yet know this outcome. What do we do next?

While the KM and DMom models are designed to work
in a similar manner at low energies, we’ve already seen that
they are easily distinguishable by measurements made at
/s ~ 10 GeV. As we go to the higher energies of interest to
us here, these variations will grow even further due to,
among other things, their significantly differing energy
behavior of their predictions below the PM scale.

If KM is realized, we need to measure the parameter ¢
not only at low scales, ~M | , but also its evolution to higher
intermediate ones which is, at least partially, controlled by
physics at the scale M;; about which we wish to learn.
Employing the formulas in the Introduction, we will for
simplicity consider the case of a pair of leptonic, color-
singlet PM vectorlike fermion (scalar) fields which have
|OpO.m| =1, so that € is indeed finite, and which have
masses m; > m,. This may be easily arranged in a realistic
setup and, e.g., can occur in a modified version of our toy
model wherein, e.g., in the case of VLF fermions, these two
PM fields and the corresponding SM field lie in a triplet of
SU(2), having Y; =0. Following Ref. [55], we will
assume, as per the discussion above, a null search result
for these states at the HL-LHC so that their masses must lie
at or above ~1.45 TeV. For finite and calculable e, this is
an example of the VLF PM fields which can be used to
represent the simplest version of new physics at the scale
M, that we want to probe indirectly.

Within this specific realization of the KM setup, one
finds that

2
m%zO)—%lnm (19)

2 p— p—y
12(48)7%  m3’

ey = €(q

so that, apart from the known running of the QED coupling,
a,m» the running of e is then almost totally controlled at low
scales by that of ap, i.e., essentially via the square root of
the ratio ap(My)/ap(M;) shown in Fig. 3. The remaining
additional running of € with ¢> as arising from high scale
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physics as M, is slowly approached from below can also be
calculated and is given by

) _,, 6 2) IR i e

€o In(™ 1=byx(1—x)
2

with b; = ¢?/m? < 4 and where the simple function y(x) is

given by the choice one of the two familiar expressions

depending upon the nature of the PM:

=x(2x—1) [scalarPM].
(21)

x(x)=x(1-x) [fermionicPM],

Given the discussion of the toy model above, here we will
limit ourselves to the case of fermionic PM when perform-
ing numerical estimates. We again emphasize that this
expression above encapsulates the running of ¢ due only to
the high-scale physics we are interested in probing. Below
the scale My; it is only this non-ap and non-a,,, contri-
bution to the running of ¢ that allows us to probe PM scale
physics. The question we need to address is whether or not
any information about this particular piece can be extracted
from precision measurements once the much more signifi-
cant energy dependencies of both a and a,,, are accounted
for in the data.

As already alluded to, the simplest way to probe the
energy dependence of ¢ above the few-10 GeV energy
range is via precision measurements made by employing
ete™ colliders. As noted above, it will be assumed here that
the array of existing or soon to be operational experiments
(e.g., CMB/relic density, fixed target, collider, direct/
indirect detection, etc.) will have been employed to
determine the low energy (i.e., below /s = 10 GeV) value
of € = ¢y (in the case that KM is realized) as well the
masses of the DP, DM and the dark Higgs fields. In such a
case, the running of ap could, in principle, then be
calculated from first principles in the same manner as,
e.g., the running of «,, (away from thresholds and
hadronic resonances) or the way a, is in QCD.
Employing Eq. (19), in Fig. 5, we show the running of
€ due solely to high scale physics, i.e., neglecting the
contributions arising from both a,,, and ap, whose energy
dependencies are encapsulated in the relevant RGE’s and
are due to either the well-known SM fields or to the rather
light dark sector fields encountered far below the scale M,
as was seen in Fig. 3."° The remaining energy dependence
of e that we wish to examine is then solely due, in our toy
model, to the pair of leptonlike, PM fermion fields, the
lightest of which must have a mass =1.45 TeV so that
they are not observed directly at the HL-LHC as dis-
cussed above.

""That same figure also reminds us that the running of a;, can
generally be quite rapid over much of the model parameter space.
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FIG. 5. The running of the KM mixing parameter, ¢, due
only to high-scale physics with the running of both «,,
and ap turned off, as described in the text, as a function of
the energy scale Q and normalized to its value at low energies.
Here M; ~0.1-1 GeV is assumed together with the leptonic
VLF PM mass ratios of m;/m, = 1.3 (top), 2.0 (middle),
and 1.025 (bottom), respectively. In each panel the upper
(lower) set of three curves corresponds to timelike (spacelike)
values of Q2. In all cases, from top to bottom, the curves
correspond to the choice m, = 1.5, 2.0, 2.5, 2.5, 2.0, and
1.5 TeV, respectively.
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An obvious place to start is, in effect, the inverse process
to that by which the DM achieves the relic density observed
by Planck since we know that such a reaction must occur as
discussed in I. Here it will be assumed the heavier dark state
produced in association with the DM in the case of the
pseudo-Dirac possibility is sufficiently boosted/long-lived
so as to appear as missing energy in the detector. At
collision energies where the electron and DM masses can
both be safely neglected, the e*e™ — DM pair production
cross section in the KM setup is given by the expression

(4)mag, (s)€’(s) s?

3s (s =md)? +Tom3,’

(22)

0, =

when the DM is assumed here to be a scalar (fermion), with
the full s-dependence as noted in an effective Born
approximation. In practice, we are specifically concerned
with the intermediate energy region far above the DP pole,
i.e., far from where V can be produced on-shell so that both
its mass and width can also be safely neglected. However,
we will also simultaneously remain sufficiently below the
scale M so that the VLF PM fields cannot be pair created
on-shell. In this same limit, employing the results from
above (and now with ¢*> =s), we can decompose the
complete s-dependence of €? as being

€*(s) = Na,(s)ap(s)F(s), (23)

with N being a (known) number and with the function
F = (e/€y)? describing the dynamics embodied in energy
dependence of ¢ from Eq. (19) arising now only from
physics at the scale M. Our goal is to attempt to separate
out the running of both ap and «,,, due to low scale physics
from this high scale running of e. Given this expression and
neglecting the masses of all the light fields as discussed, we
can now write the full explicit s-dependence of the cross
section in the form

o, (s)ap(s
o(s) = N BB gy

with N here being just another number. Measuring o, (s) at
various different energy scales and knowing the energy-
dependent behavior of both a,,,(s) (based on the SM and
assuming no new charged states below M) as well as that
of ap(s) (by assumption from the low energy dark sector
spectrum), we might, in principle, be able to extract the
purely high scale dependent ratio shown in Fig. 5, i.e.,
the high scale running of ¢ with the effects of a,,,(s)
and ay(s) removed, here for the case of timelike s = Q2.
For completeness, we note that above the electroweak
W/Z//h/t mass scales, a,, may be always defined in
terms of the SU(2), x U(1), running gauge couplings, g;,
gy, via the SM relationship

132 I—

130

O (M)

128

126 —

10 50 100 500 1000
M (GeV)

FIG. 6. Semi-quantitative estimate of the running of «,,, above
the ~10 GeV T mass region and below M ; as described in the text.

1 1 1

e g1 9%’

while € is, in general, just a linear combination of the two
possible KM parameters above the electroweak scale
associated with the DP’s mixing with either/both of the
(now unbroken) SU(2);, x U(1), SM’s W3 and B gauge
bosons, i.e., € = ¢, €5 + s,€w [33,52].

Fig. 5 already showed that, quite generally, the effect of
the running of ap can be quite significant. In the case of
A, only for purposes of demonstration, we can get a rather
crude and at best, semiquantitative feeling for its running
above my ~9.5-10 GeV (where there are few resonance
and thresholds) given that a,,,(M~y)~! = 132.0 [63] and
Ao (Mz) = 127.951 [64]. We then can employ the lowest
order SM RGE’s for g; y and treating, the W, Z, h, t masses
as being very roughly degenerate, obtain the result as is
shown in Fig. 6. Here we see that the running of «,,, over
the energy range of interest is also seen to be relatively
rapid below the Z pole/electroweak scale, but is then
observed to soften significantly above it in the intermediate
energy region. However, we note that ,,,(s) appears to the
3rd power in the cross section expression, significantly
increasing the cross section’s sensitivity to this running;
thus the combined energy dependence of the overall
a2, (s)ap(s) factor in the cross section can be quite
significant making the high energy sensitivity to the
running of ¢ alone difficult to probe, at best.

Clearly, as we can see from both Figs. 5 and 6, even if
this cross section could be measured, a meaningful extrac-
tion of e(s) would be rather difficult as its s-dependence is
relatively quite weak until the scale My is approached
rather closely and can easily be overwhelmed by that of
both a,,, and ap. A high-precision set of measurements, as
well as detailed knowledge of the running of these two
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gauge couplings would, at the very minimum, be required.
Now, of course, the situation is actually much worse than
this since the e*e™ to DM-pair cross section, as is, cannot
be measured since the DM final state is invisible. This type
of invisible final state is usually probed via the initial state
radiation (ISR) of an additional photon, suppressing the
cross section and requiring us to understand the SM
backgrounds rather well—subject to additional experimen-
tal cuts. It is important to be reminded that our goal here
will not be just to observe the rare signature for this BSM
process (which is already difficult as it is > suppressed) but
to observe the additional running of e, apart from that due
to ap and «a,,,, as predicted by Eq. (19). We will return to
these rather important issues below but we first now turn
our attention to the analogous, but in many ways much
more hopeful, case of the DMom setup.

In the corresponding DMom portal model scenario,
employing the same notation as above in the case of scalar
(fermionic) DM, the ete™ — DM pair cross section is
instead now given by

(4)ma3, 52 T, S,
P+ F2), (26
3 Gomyim \aifitaf) (26

where we will again assume we are probing values of s
where both my and I'y, can be neglected and the PM fields
cannot be produced on-shell. In the notation of the toy
model above, to the order we are working we now simply
identify

O, =

Fi(s)fi(a)+-. Fz(s)zfzo(a)+#f21(a>+.._,
E

(27)

with a = mj,/mj, as before. As noted, it will be frequently
useful and simplifying to employ the ratio the next-to-
leading to that of the leading contributions to the F, form
factor, r = f5;(a)/f0(a), in the analysis that follows. For
the specific choice of fermionic DM of interest here, this
leaves us with

4n s 3 s \2
0, =—ap(s) [A_‘]‘f%+A—§ 1+r12m12€ =T +T>,

(28)

where the full s-dependence is now explicitly displayed
once the A; are fixed. Recall that within the toy model,
since only one value of the mass ratio, a, will be realized in
actuality, the parameters A,, fi, fo0 and r are simply
s-independent numbers to be measured, of which only a
subset are fully independent as they are linked together by
the toy model structure.

Now one may ask why we do need to keep the NLO term
in the F, expansion; the answer to this can be seen
immediately from the factor inside the square bracket in
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FIG. 7. The upper three curves are for the quantity U, with
mg = 1.5,2.5,and 2.5 TeV assuming also that « = 1/4,1/4, and
2 from top to bottom, respectively. The lower three curves are for
the quantity U; with my = 2.5, 1.5, and 2.5 assuming also that
a=2,1/4, and 1/4, respectively, from top to bottom. Here
M?* =35 =s(1-x,) as given in the text.

Eq. (28) for the relevant cross section. As we will soon see,
as a function § (which is simply just M? in Fig. 7), apart
from the overall a; dependence, there is a constant term,
proportional to f3,/A3, as well as a linear term proportional
to the sum 2 /A + rf3,/(6m%A3). All terms with the same
power of § in the cross section need to be kept for consistency
so we are forced to include the NLO term proportional to r.
Now if we use the photon recoil energy as a measure of
M? = 3, then we can then extract the coefficients of these
two terms. As we’ll see, in the specific toy model realization,
however, that the term proportional to r is numerically
relatively small over almost all of the parameter space. If we
also assume, as is done here, that Belle II can measure the
ete™ — V +y cross section, which is also proportional to
130/ A3, then the three quantities r, 3,/A3 and f3/A{ can be
completely determined.

Now as noted, these DM pair production cross sections
are by themselves unobservable and the conventional
resolution to this problem at eTe™ colliders is via the
emission of an additional ISR photon so that the final state
appears as a single y balanced by missing energy. To a
rather good approximation, in the standard approach, this
can be done by turning the e*e™ — DM cross section into
one for a subprocess, multiplying by a photon radiator
function and performing the needed phase space integration
subject to any experimental cuts. To this end we make use
of the improved radiator function, R, as employed in, e.g.,
Refs. [54,65] and as a first step write the physical eTe™ —
y + DM pair cross section in the form

do

e — $)R(x,,0,), 29
T d g =00 T IRW0).(29)
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where o, is given in either Egs. (19) or (27) depen-
ding upon the choice of the KM or DMom setup, with
x, = 2E,/+/s being the scaled energy of the ISR photon so
that § = M? = (1 —x,)s is the e"e~ — DM pair subpro-
cess center of mass energy squared, and with 6, being the
photon’s scattering angle measured from the e~ beam
direction in the center of mass frame. The radiator function
we use, in the limit of vanishing electron mass, is then just
given by [54,65]

11+ (1=x,)% x
R(x 9):0{””_ M_ﬁ7 (30)

vy 7 x, | 1-cos’d, 2

so that the integration over z = cos @, is trivial once the
relevant experimental detector angular acceptance cuts,
—70 < z < 7, are imposed.

Before exploring the implications of the full cross
section, it is useful to examine how the various contribu-
tions to the subprocess scale relative to each other with
differing values of M = V3 as we alter the requirements
on the ISR photon’s energy. In particular, we are interested
in the sensitivity to the next to leading terms in the
¢*(=3)/m? expansion relative to the leading one
employed at low energies since these can be used to probe
M ; scale physics. Based on the 2 — 2 DM pair production
subprocess cross section expression above, to this end it is
now useful to define the two dimensionless quantities

A

2
Ul—(l—f—r ) -1, U,=T(s—>38)/Tr(s—3%),

(31)

where U probes the relative contribution of next to leading
term in the dark magnetic dipole form factor compared to
the leading term, while U,, with T, defined above in
Eq. (27), probes the relative contribution of F, and F,
terms to the DM pair production subprocess cross section.
Larger values of U, would clearly indicate places in the
toy model parameter space where the next to leading order
terms in the expansion become important. Note also that
both U , are independent of the value of a, as this quantity
appears only as an overall factor in the subprocess cross
section. Figure 7 shows the values of both U, , as function
of M = /% for different chosen values of the parameter
a = mg/my, and of mg, not far above those that might be
excluded by null searches at the HL-LHC as discussed
above. As might be expected, the largest values of U, ,
appear when E,, is small so that M is as large as possible,
i.e., when more momentum flows into the subprocess and
not into the emitted photon. However, even for values of M
approaching ~1 TeV, which will clearly still remain
inaccessible to the first generation of any planned e™ e~
colliders, these quantities, unfortunately, never get very

12m3,

large and are always less than, e.g., U, ~ 0.1-0.2 and with
U, sometimes as small as ~0.005. Thus, although there is
some apparent sensitivity to the next to leading terms it may
not be very significant depending upon our chance location in
the toy model—or any realistic model’s—parameter space and
higher collision energies are clearly very helpful in this regard.
However, we also see that, at least in this toy model, since U, is
always somewhat larger than U, it is the leading term in F,
which is seen to dominate over the sub-leading term in F, in
terms of sensitivity to next to leading order effects.

We stress again that it is obviously advantageous—
certainly in the DMom setup—to go to very large values of
\/s: not only are we much closer to the PM scale that we
wish to probe but we also observe that while any of the SM
backgrounds will like fall semiquantitatively as ~1/s, the
signal does not until the PM scale is reached and/or
surpassed. This will be explored further below.

V. RADIATIVE DARK MATTER SIGNALS
AT FUTURE e*e~ COLLIDERS?

As a first step in extracting information about M ;-scale
physics, we must address a much more basic issue: whether
or not we will be able to see any BSM signal at all, not to
mention the particular next to leading order effects we’re
after. If so, the important next step is to ask if the next-to-
leading contributions can be disentangled from those of
the leading term. If not, then we really do not gain any
new information about high scale physics. Although we
already have learned that this is a difficult problem at best,
now we must examine searching for these nonleading
effects at eTe™ colliders a bit more realistically. One
obvious issue is the much-studied SM background to the
ete™ — y + nothing process that we’re examining which
arises from both s-channel e*e™ — Z — > .v;u; as well as
via the t-channel, W-exchange process, ete™ — D,v,, both
with an additional photon emission. Useful analytical
expressions for these SM backgrounds can be found,
e.g., in Refs. [66-69] that we will employ in the analysis
below. Fortuitously (or not), the W process is dominant but
it is also purely left-handed and so can be at least be
partially suppressed by employing a suitable choice of e*
beam polarizations. Also, one finds that the same polari-
zation choice that reduces this W-induced SM background
also slightly enhances the ratio of the F, to the F,
contribution to the DM cross section. This is easily seen
as a spin-1, pure vector s-channel exchange interaction,
such as that proportional to F,, couples equally to the
helicities ejej and ege;, while the s-channel, magnetic
dipole interaction proportional to F, couples equally to the
helicity combinations e e} and eze}, due to the additional
y-matrix in the coupling structure. Assuming beam polar-
izations of |P,-| = 0.8 and |P,+| = 0.3, as may be possible
at the linear colliders such as ILC, CLIC or C3 [70-73], one
can enhance the ratio of the F; to the F, contributions to
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FIG. 8. Signal and SM background (cyan) event rates in 10 GeV
photon energy bins for the process ete™ — y + nothing arising
from fermionic DM production assuming +/s = 1 TeV, an inte-
grated luminosity, L, of 1 ab~! with P,- =0.8, P, =0.3,
70 = 0.995, E, > 10 GeV and the DMom model parameter
choices a = 1/4, my = 1.5 TeV, to demonstrate the effect for
which we are searching for purposes of demonstration. The red
and blue (green and magenta) histograms assume values of
ap(1 TeV) = 0.30(0.25) which run to lower energies as E,
increases, while the blue and green histograms assume that
only fa # 0.

the cross section by a factor of (1+0.8x0.3)/(1-0.8 x
0.3)=1.63. Simultaneously, a purely LH-coupling,
e.g., epex, as is that induced by the SM W is then
suppressed by a factor of (1 —0.8)(1 —0.3) = 0.14 while,
correspondingly a purely RH-coupling, e.g., eze;, which
occurs as part of the much smaller SM s-channel Z
exchange, would be enhanced by a factor of (1+ 0.8)
(14+0.3) =234

Although all of these polarization factors do work in our
favor, the problems we face are still quite formidable. The
extraction of new physics signals in monophoton events at
lepton colliders is a well-studied problem in the literature
(see, e.g., Refs. [74-79]). Consider, as an example, the
results shown in Fig. 8 where we assume that /s = 1 TeV
(as the relevant contributions grow with +/s) for the pseudo-
Dirac DM scenario with the toy model parameters chosen
to show a potentially significant effect, here for an
integrated luminosity, L, of 1 ab~'. We will further require
a photon energy cut E, > 10 GeV to act as a trigger and
we also assume a detector coverage down to small angles,
ie., |z| <z9=0.995. Employing the expressions in
Refs. [66—69] for the SM background as well as making
the beam polarization assumptions above to minimize the
SM background (and to increase the signal rate) leads to the
cyan histogram for the still quite large background found in
this Figure. The significantly smaller DM signal in this
setup in the seen in lower set of four histograms. Note that

in performing these calculations we have assumed that

ap(v/3 = 1 TeV) takes on value of 0.30(0.25). While these
ap values for the signal may be close to applicable on the

left-hand side of the plot, as E, increases, \/§ decreases so

that the ap(v/3)? pre-factor in the cross section also
decreases as a result of the energy dependence discussed
above. Due to this effect, for the chosen pseudo-Dirac DM
case shown here, these cross sections are gradually reduced
by an additional factor of ~2 as a result of running once
large values of E, are reached. Of course the ratios of the
next to leading to leading order production rates are
completely unaffected by this running of ap since it is
an overall cross section pre-factor. Now recall that our goal
is not simply to observe the signal but to differentiate the
full next to leading order result, where f,, f;, f; are all
nonzero, from the leading order case where only f5, is
finite. Examining these histograms, we see that this means
measuring the signal with rather high precision, which
seems—ijust at the level of statistics—to generally be rather
dubious given the huge SM background, even with the
optimistic assumptions we’ve made above and especially
when the considerations of the numerous possible system-
atic errors (luminosity, polarization, etc.) have not been
included in our estimates.

Naturally, we might imagine that going to a different,
more judiciously chosen point in the toy model parameter
space, e.g., a = 1 for the same value of mp = 1.5 TeV,
would make things easier; as we can see for Fig. 4, this
should indeed be the case as f;, f,o and r would all
increase as the value of a is also increased. Figure 9 shows
the result of this parameter shift where the DM cross
sections are all increased by, very roughly, a factor of
~8-10; here we see that we might have a reasonable chance
to observe the contributions of the next to leading order
terms. Clearly, there will exist at least some regions of the
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FIG. 9. Same as the previous figure but now assuming instead
that a = 1.
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FIG. 10. Same as the previous Figures but now assuming that
Vs =2 TeV and 20 GeV bins of E, with a =1/4 and an
integrated luminosity of L = 3 ab~!'. Here we also require that
E, > 20 GeV to act as a trigger.

DMom toy model parameter space wherein we will be able
to see such terms. Of course, one will need to make a more
sophisticated set of calculations to which we note that other
potentially important effects (such as beamsstrahlung,
higher order radiative corrections as well as the errors
induced by the other systematics effects mentioned above
that have been ignored here) would be needed to be
included. Including detector level effects would also be
important to reach a completely firm conclusion.

To do significantly better without changing the chose
values of the toy model parameters, e.g., a=1/4—>a=1,
one could also move to larger values of /s, e.g., 2 TeV, i.e.,
closer to the PM mass threshold, as then the signal
over background ratio would increase and the values of both
U, ; would also increase due to their stronger s-dependence.
Of course, at such a parameter point we are almost at the scale
M, which for the cases considered here is essentially at
3 TeVorabit larger. Figure 10 shows the result of the move to
such higher energies accompanied by an simultaneous
increase in the integrated luminosity, but still ignoring other
effects here such as beamsstrahlung. Of course we must
begin such considerations with a warning: due to the
proximity of some of the \/§ values that arise in this
calculation to the 2my, threshold at 3 TeV, we may wonder
whether, in this case, the truncation of our form factor
expansion to (just) the next to leading order terms is actually
warranted and that even higher order terms must be included
at the level of precision in which we are interested. Be that as
it may, we can still ask whether of not these NLO terms are
observable relative to just the LO ones; based on the results in
Fig. 10, it would seem that this may be possible provided that
the effects we have neglected are not of extreme importance.
However, again a more realistic simulation study is required
to confirm (or deny) these tentative conclusions.
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FIG. 11. Similar to Fig. 8, showing the same SM background (in
cyan) under identical assumptions. However, the two lower
histograms display the result for the KM model as discussed in
the text both including (red) or ignoring (blue) the explicit running
of €. Here ¢y = 3 x 107 has also been assumed; other assump-
tions and parameters choices are as in the previous Figures.

Unlike the DMom setup wherein the e* e~ — DM cross
section essentially grows with energy (relative to the usual
1/s SM behavior) until the PM fields and associated gauge
bosons are resolved, in the KM case the corresponding
cross section always remains crushed by the €* prefactor.
We would then anticipate it to yield very highly suppressed
signatures at /s = 1 TeV when the DP is not produced on-
shell, which is the case of interest. Thus, we should expect
the somewhat hopeful showing found for the DMom setup
for certain parameter choices to be made to appear very
promising by comparison to that in the KM model. Recall,
we are not simply looking for a signal of new physics but
the ability to differentiate the case of explicit running for e,
wherein the PM scale sensitivity lies, to that where the
running of «,,, and ap control this entirely, i.e., 7 # 1, in
the notation above. The results displayed in Fig. 11 show
that it is almost certain that this process in the KM setup
will never be observed in the case when V is far off-shell at
a high energy e™ e collider, being always buried under the
SM background by over six orders of magnitude.

VI. STANDARD MODEL SIGNALS
AT e*e~ COLLIDERS?

If electrons are not the only SM charged fermions that
have dark multipole moments, we can imagine, e.g.,
processes such as ete™ — ff or gq — ete” mediated
via a DP and with DMom vertices appearing at both
ends, analogous to a double-peguin diagram.'' In the

""Of course, in a more serious and complete theory one can
imagine several other additional diagrams representing related
processes which may also make potentially important contributions.
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corresponding situation in the KM model, such, now tree-
level, processes will also exist with DP exchange but are
very highly suppressed by a factor of e* ~ 1074 so would,
of course, be completely unobservable. In the DMom setup,
the relative growth in the effective couplings with /s below
the scale M; would instead potentially compensate for the
tiny coupling that is required at very low energies to obtain
the observed value of the DM relic density. However, we
recall that the F, magnetic dipole tensor structure, in the
limit of massless fermions, does not interfere with the usual
vector and axial-vector couplings appearing in the y, Z
exchanges present in the SM so can only contribute
quadratically in the expression for the resulting cross
section. This means that such a term in the squared
amplitude corresponding to DP exchange (in the my — 0
limit) would appear proportional to the quantity (in obvious
notation for ete™ — ff)

2
d, = ﬁ <SF%6> (ﬂ) (32)
Gm \ A3, ) \ A3f

which takes the form of a dim-8 contact term contribution.
On the other hand, the ¥, term, when coupling to conserved
currents (as is the case for the massless fermion assumed
here), appears similar to an energy-dependent vector cou-
pling, v/(V)~ gDsFIf/A%f, for the fermion, f, to the

essentially massless DP so that it would interfere with the
SM contributions in the squared amplitude, appearing only
linearly but also necessarily for both e and f simultaneously.
In the same case of s-channel DP exchange, the products of
these two coupling structures, e.g.,

R e
Ao \ AT, A7 f

always appears in this interference term, scaled by squares of
the corresponding SM y and Z electroweak couplings, etc.,
and we are again led to another effective dim-8 contact term
contribution to the squared amplitude. Thus we conclude
that the leading DMom contribution to conventional e* e~
annihilation cross sections would necessarily appear first at
dim-8 and so the search sensitivity for these new interactions
would likely be somewhat restricted in comparison to the
more commonly explored dim-6 contact terms. As is well-
known [80], for a statistics limited search, the mass reach for
a dim-8 operator scales roughly as ~(s3L)!/® whereas for a
dim-6 operator one instead finds the scaling ~(sL)'/4.

As in the previous Section, we must first address a
primary issue: are the contributions of these effective
operators potentially visible in the experimental data?
We note for clarity and consistency that we limit ourselves
to just the contributions from dim-8 operators (and not
higher) so that we will consider only those terms arising
from f,, and f. As f,, appears as the chief contributor to

the low energy observables, it is the additional contribution
due to f to these SM eTe™ processes that we seek and
wish to extract in the current discussion since only it can
provide additional information about M-scale physics. Of
course, the actual numerical effect of f,;, if it were to be
included, would be at most of order a ~2% shift in the
apparent value of f,, so is, in practice, ignorable here. The
main issues we need to address then are whether or not
the dim-8 effects are visible at all and if so are those arising
from F, separately visible, over and above, those arising
from F,. Affirmative answers to these questions are
necessary before any high scale physics information can
be usefully extracted.

Attempting to evaluate the expressions above for d ;, in
our toy model for an arbitrary SM fermion, f, would seem
problematic as then we would need to know if f does or
does not have a PM partner which determines how it would
interact with the W/, if at all. Exactly the same problem
would arise for the analogous study of, e.g., the gq initiated
Drell-Yan process at the LHC or FCC-hh. Of course, in a
more realistic model framework, the answer to this question
is clearly known from the model structure but not so in the
toy model framework employed here. However, to be a bit
conservative, if one assumed that the toy model respected
e — p universality, then we partially know the answer to this
question and also that the number of relevant free param-
eters would, at least, be no greater than in our consideration
of the DM production process in the previous Section.
Additionally, one could avoid this issue altogether and just
consider Bhabha scattering as then the electron is the only
SM particle involved. We now examine both of these two
possibilities in turn.

Paralleling, e.g., Refs. [81,82], we can in this case write
the eTe™ — utp~ polarized cross section in the DMom
setup in obvious notation as just

do o> u? 1
—=(|=A —A_|(1=-PPF
dz  2s ( Lz +F 52 } ( )
u? B 3 (t—u)?
+s—2<P+—P )Ap+<1+P P+)d2T>, (34)
where, as usual in the massless limit, #, u = —s(1 F z)/2,
and where

Ay = |ApL]* + |Are]?

A_ = |ALg|* + [Age ]
Ap = AL P — |Aggl*. (35)

’

and the individual amplitudes are given by

Ay, =1+ pg +di,
Arg = 1+ pgk + d;.
Apg = Agp = 1+ pgrgr + di, (36)
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with d; , given above by taking f — e and where we have
defined the familiar SM quantities

[_1/2+xw’xw] s
= =, 37
9L .R] (xw(l _xw) p G_ m% ( )

which is adequate as we’re far away from the Z-pole.
Note that since d; reflects a (higher-dimension) vectorlike
coupling it contributes equally to all the amplitudes.
Following the same arguments as in the last section, since
d, is known from low energy measurements and the DM
relic density, our goal here is to establish the effects of d,
over and above those arising from just d, alone as this will
provide additional information on M -scale physics.

The top panel in Fig. 12 shows the result for this cross
section in the case of unpolarized beams in the SM at /s =
1 TeV with an integrated luminosity of 1 ab~!, contrasted
with those for the two toy model DMom benchmark cases
previously considered, i.e., a=1/4, 1 with my = 1.5 TeV,
both with and without the next to leading order terms from
F, contained in d, included in the calculation. As in the last
section, effects such as beamsstrahlung—which will some-
what degrade the results displayed here—have been
ignored in these presentations but can they be included
at an approximate level as part of the analysis together with
such systematic effects as the luminosity uncertainty. We
find that the relative shapes of these distributions are a more
powerful discriminator than is the overall muon-pair
production rate which mainly suffers from the previously
mentioned respectable luminosity uncertainty which here
is assumed to be 0.25%, although a reduction in this value
by roughly a factor of ~2 may likely be possible at the
ILC [71]. Staring at this plot, we see that the two a = 1/4
cases are visually indistinguishable from the SM, or each
other, being only a fraction of 1o apart even in the absence of
beamsstrahlung. The two a = 1 cases, on the other hand,
appears by eye to be more hopeful and we find thatthe d; = 0
and d; nonzero cases are indeed distinguishable at the ~5¢
level even when beamsstrahlung effects are (approximately)
accounted for, although a more realistic detector-level analy-
sis, including radiative corrections to the tree-level processes
here, is certainly warranted to confirm this result. Obviously
also, in a realistic model, the other possible contributions that
we’ve omitted here would also need to be included.

Using the above cross section expression, since the e*
beams are polarized, we can also form the usual angular-
dependent left-right polarization asymmetry observable,'?
defined as usual by

“For a recent survey of eTe™ observables for indirect new
physics signatures, see Ref. [83].
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FIG. 12. (Top) The event rate for the process e*e™ — putu~ at
/s =1 TeV assuming unpolarized beams and an integrated
luminosity of 1 ab™'. The red histogram is the SM prediction
while the green (blue) histograms are for the toy model bench-
mark a = 1/4, my = 1.5 TeV, neglecting (including) the con-
tribution from F, respectively. The magenta (cyan) histograms
are for the corresponding @ = 1 benchmark again neglecting
(including) the contribution from F,, respectively. Bottom: the
left-right polarization asymmetry, A(z), as described in the text,
for the same cases and labels as in the top panel. For the DMom
predictions, ap(1 TeV) = 0.3 has been assumed.

here taking the values P~ =-0.8 and PT =0.3 as
employed in the previous section. From the bottom panel
in Fig. 12, we see that the predictions are all visually
extremely close. Allowing for a 0.003 polarization uncer-
tainty [71], we find significantly less than a 1o distinguish-
ability arising solely from this quantity. This is not overly
surprising as the d; coupling is itself vectorlike; in addition,
dim-8 effects were difficult to observe employing this
observable for the pu-pair production process in other
previously examined dim-8 physics scenarios, e.g., in
Refs. [84,85] for ADD gravity [86].

We can repeat our cross section study for the case of
Bhabha scattering which “suffers” from a very large SM
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FIG. 13. Same as in the top panel in the previous figure but now

for Bhabha scattering and with z < 0.5, away from the forward
SM photon pole, so that some of the model dependence becomes
easily visible.

(i.e., photon) pole in the forward direction as can be seen in
Fig. 13 where the very forward region has been judiciously
removed to magnify the backward region. This is both a
blessing and a curse as it leads to much higher event rates in
that direction but also with a reduced sensitivity to any new
physics due to the dominance of this same photon pole. To
a reasonable extent, here the added statistics wins, even if
one cuts away the very forward region and accounts for
both luminosity and (at least approximately) beamsstrah-
lung effects as we had done above for the case of the u*pu~
final state. In the present case, one finds that the f; = 0 and
f1 # 0 results are easily distinguishable at ~5¢6 or more
(though not by eye) for both the a =1/4 and a =1
parameter choices. Of course, as in the case of u-pair
production, a detailed detector-level study with higher
order radiative effects included needs to be performed to
validate (or not) these tentative conclusions. However, this
result may not be too surprising overall as in the dim-8
ADD study of Bhabha scattering [84,85], the Bhabha
process led to comparable model constraints as did all
the other ff final states combined due to the enlarged
statistics.

Overall, it appears from this quick survey that e*e”
annihilation processes involving only SM fields will be
able to probe the physics of the M; scale, at least for some
range of parameters in our toy model which appears to
overlap with, and may be somewhat larger than, a similarly
successful region found in the case of DM production.

VII. DISCUSSION AND CONCLUSION

The kinetic mixing scenario offers a well-motivated
setup for sub-GeV scale thermal dark matter but can only
be realized if new portal matter fields, either scalars or
vectorlike fermions, also exist which have charges under

both the SM as well as the dark gauge group, U(1),
associated with the dark photon. However, once we posit
the existence of such PM fields, it is easily imagined that
they may lead to other additional mechanisms that can also
generate SM-DM interactions, especially since one can
argue that the U(1), must be part of some larger non-
Abelian group, G, that breaks at a scale, M, that is likely
not far away in energy, perhaps Za few TeV. One such
possibility, here termed the DMom model, is to loop-
generate form factor/dark moment-type three-point cou-
plings for SM fermions to the DP in analogy with how a
neutral Dirac neutrino or fermionic DM may interact with
the SM photon. While the DMom and KM pictures both
work well at rather low energies, if we want to probe
physics at or above the G breaking scale, which may lie
somewhat beyond the reach of the HL-LHC to directly
access in the form of new particle production, we are
reduced to examining indirect signatures of such physics
until much higher energy colliders, such as the FCC-hh,
come on line in the somewhat distant future. If sub-GeV
DM and a DP are discovered in nature and either of the KM
or DMom setups are realized, measurements of the ete™ —
Vy cross section by Belle II over the next few years should
be able to differentiate between them. Not yet knowing the
outcome of such measurements and positing that sub-GeV
DM and DP states are indeed realized in nature, it behooves
us to ask if indirect measurements made at intermediate
energies below the My, scale, say between M, and 1 TeV—
the realm of future e e~ colliders—can be used to tell us
anything about the dynamics at/above such a scale. This is
the question we have attempted to begin to address in the
current paper and which we examined by employing simple
toy model manifestations of these two distinct interaction
frameworks of KM and DMom, here treated as being
mutually exclusive.

Our first step was to identify the quantity or quantities in
either setup that would probe this high scale physics. In the
KM model, the energy evolution of the KM mixing
parameter, €, is seen to arises from three distinct sources:
those due to the RGE running of both of the ap and «,,,
gauge couplings, which are controlled by either known SM
or very low scale, dark sector physics that we expect will be
fully explored by low energy measurements if this scenario
is realized in nature, and the M; scale physics due to the
PM fields. Unfortunately, as might be expected, we find in
the context of ee™ interactions that the highly suppressed
nature of the KM-induced interaction between DM and SM
fields necessary to achieve the observed relic density is
maintained at higher energies until the M, scale is reached.
This is true regardless of whether we are examining
fermionic DM pair production or the effect of DP exchange
between SM fields. So in this setup, we find that we are not
able to probe any M scale physics until the new states
existing at such a mass can be produced on-shell at a future
collider, e.g., FCC-hh. In the DMom scheme, on the other
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hand, the interactions are controlled by higher dimension
operators so that, though suppressed at low energies to give
the correct DM relic density, grow in strength with increas-
ing /s until roughly ~M; is reached. Furthermore, only the
leading term in the dark magnetic dipolelike coupling, f»,
enters into the low energy observables such as the relic
density, direct detection searches, DP production in fixed
target experiments orthe et e~ — Vy process at Belle II. The
next to leading order terms in the dark dipole moment
coupling, f,;, as well as the corresponding leading term of
the same dimension in the dark charge form factor, f, can
only possibly make their presence known as collision
energies increase into the few hundred GeV to TeV range
as they both correspond to, effectively, higher dimensional
operators, growing in strength with an addition power of s
relative to f,y. Given the knowledge of f,, from the low
energy measurements, it is only via the observation (and
measurement) of these two higher order terms that any
information about My, scale physics be gleaned below this
scale from the data. Thus we must not only be able to observe
the necessary signals but also be able to determine that these
higher dimensional operators are making a measurable
contribution.

In this DMom setup, for the case radiative DM pair
production, we find that the greatest difficulty is over-
coming the very large but well-known SM background due
to radiative neutrino production. While this background can
be partially suppressed and the signal cross section can be
somewhat enhanced by the same choice of beam polar-
izations, it is insufficient to allow for the observation of the
DM signal for some regions of the toy model parameter
space. However, there are other specific regions of this
parameter space, particularly those where the PM and that
of the non-Hermitian gauge boson of G within the toy
model have similar masses, where the DM signal is visible
and which allows the contributions of both f,; and f to be
observable. In the case of unpolarized et e™ut u~, we seek
the interference of the SM and dim-8 DP s-channel
exchanges and we find that for similar (but potentially
larger) parameter regions as in the case of radiative DM
production the contribution of f; should be measurable
although we find that the angular dependent beam

polarization asymmetry is not very useful discriminator
here. Lastly, for the case of unpolarized Bhabha scattering,
the large event rate due to the photon pole in the forward
direction more than compensates for the resulting reduced
sensitivity to the new physics in the toy model and so we
find greater sensitivity to f; than in the case of the dimuon
final state. This was not completely unexpected as a
similar result was obtained for the case of ADD gravity
which also expresses itself at low energies as a dim-8
contact interaction. Thus, at least for the simple toy model
example, we find that there do exist regions of the
parameter space which allow us to indirectly probe
M ;-scale physics through the use of high energy e'e™
colliders via the production of both DM as well as SM
final states via DP exchange.

Finally, it goes without saying that if higher energy,
~10 TeV, lepton (either muon or e*e™) colliders were to
eventually come on-line, much of the present analysis
could easily be repeated with the appropriate scaling of the
necessary integrated luminosity, except, of course, for the
much larger machine-induced backgrounds which are to be
expected and so would warrant a more detailed study, likely
at the detector-level. However, once the ~10 TeV scale is
indeed reached, it would be much more likely that the
leptonlike PM fields participating in the loops could
actually be directly pair-produced on-shell so that a differ-
ent (and simpler) type of analysis would be needed to study
their properties and would then yield more direct informa-
tion about the physics at this scale. If the PM were to
be even more massive, a detailed study of the potential
EE* — EeV final state would likely give access to PM
masses even in excess of ~(0.90-0.95)+/s.

Hopefully signals of both dark matter and dark photons
will soon be observed.
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