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Abstract

The possibility of light dark matter (DM) annihilating through a dark photon (DP) which kinetically
mixes (KM) with the Standard Model (SM) hypercharge field is a very attractive scenario. For DM
in the interesting mass range below ∼ 1 GeV, it is well known that bounds from the CMB provide a
very strong model building constraint forcing the DM annihilation cross section to be roughly 3 orders
of magnitude below that needed to reproduce the observed relic density. Under most circumstances
this removes the possibility of an s-wave annihilation process for DM in this mass range as would be
the case, e.g., if the DM were a Dirac fermion. In an extra-dimensional setup explored previously,
it was found that the s-channel exchange of multiple gauge bosons could simultaneously encompass
a suppressed annihilation cross section during the CMB era while also producing a sufficiently large
annihilation rate during freeze-out to recover the DM relic density. In this paper, we analyze more
globally the necessary requirements for this mechanism to work successfully and then realize them
within the context of a simple model with two ‘dark’ gauge bosons having masses of a similar magni-
tude and whose contributions to the annihilation amplitude destructively interfere. We show that if
the DM mass threshold lies appropriately in the saddle region of this destructive interference between
the two resonance humps it then becomes possible to satisfy these requirements simultaneously pro-
vided several ancillary conditions are met. The multiple constraints on the parameter space of this
setup are then explored in detail to identify the phenomenologically successful regions.
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1 Introduction

Although dark matter (DM) is known to exist at multiple scales in the universe we don’t yet know what
it is or if it interacts with the particles of the Standard Model (SM) through any forces other than via
gravity. However, in order to obtain the observed relic density as measured by Planck [1] it is more than
likely that some sort of non-gravitational interactions are responsible. The traditional DM candidates,
Weakly Interacting Massive Particles (WIMPs) [2,3] and the familiar axion [4–6], either assume the usual
Standard Model (SM) electroweak interactions or some new high scale physics is responsible for obtaining
the relic density. While such theories remain very interesting, the lack of any observational signatures at
the LHC or in either direct or indirect detection searches [7–10] has resulted in a slowly shrinking allowed
parameter space for these models. This has led to the construction of a plethora of new DM scenarios
based on the introduction of non-SM interactions to reproduce the observed relic abundance [11,12] with
very wide ranges in both the possible DM masses and coupling strengths [13–15]. Many of these potential
new interactions can be described via a set of ‘portals’ which link DM, and possibly other ‘dark’ sector
fields, with those of the SM, only a few of which can result from renormalizable, dimension-4 terms in
the Lagrangian.

Perhaps the most attractive of these ideas, and one that has received much attention in the recent
literature, is the vector boson/kinetic mixing (KM) portal [16,17] which will be the subject of the analysis
that follows below. The main ingredients of this setup in its basic incarnation can be deceptively simple:
DM is assumed to be a SM singlet but instead carries a charge under a new ‘dark’ gauge interaction,
e.g., U(1)D, with a corresponding gauge coupling gD. The associated gauge field is thus termed the
‘dark photon’ (DP) [18] which has a mass that can be generated by the dark analog of the usual Higgs
mechanism, i.e., via the ‘dark Higgs’. The coupling of the DM and other dark sector fields to the SM
is then generated by the KM of the U(1)D DP with the SM U(1)Y hypercharge gauge boson which
can be accomplished at 1-loop via a set of ‘portal matter’ fields that are charged under both gauge
groups [19–23]. Once all the fields are canonically normalized to remove the effects of this KM and both
the U(1)D and SM gauge symmetries are spontaneously broken, one finds that the the DP has picked
up a small loop-induced coupling to the SM fields. For the range of DP masses below ∼ 1 GeV that
we will consider in our analysis, to leading order in the DP to SM Z mass-squared ratio, one finds the
well-known result that this coupling can be very well approximated as εeQem, where ε is a dimensionless
parameter, here assumed to roughly lie in the interval ∼ 10−4 − 10−3, that describes the magnitude of
this loop-suppressed KM.

When both the DM and the DP are both light and have somewhat comparable masses, <∼ 1 GeV, the
DM can still be a thermal relic in a manner similar to what happens in the conventional WIMP scenario.
The proximity of these two masses can occur naturally in several setups: for example, if a common dark
Higgs vev generates both the DM mass and is simultaneously responsible for the breaking of U(1)D or in
KM models with extra dimensions where the compactification radius sets the common scale for particle
masses [24–27]. In this low mass regime, there are several constraints on the model parameters: first,
there is the required annihilation cross section necessary to obtain the observed relic density during freeze
out, e.g., < σvrel >FO' 4.5× 10−26 cm3s−1 for an s-wave annihilating Dirac fermion DM [11,12], which
is the case that we will consider below. For such a light mass, we will assume in what follows that pair
annihilation of DM via virtual spin-1 exchanges is responsible for this and that it results in a SM final
state consisting of pairs of electrons, muons, or light charged hadrons. Second, a lower bound on the
DM mass exists arising from Big Bang Nucleosynthesis considerations of roughly ∼ 10 MeV (which we
take from Ref. [28]). Lastly, in this same DM mass range of ∼ 10 − 1000 MeV, the CMB (at z ∼ 103)
constraints from Planck [1] tell us that at that time the DM annihilation cross section into light SM
charged states, e.g., e+e−, must be substantially suppressed [29–32] thus avoiding the possible injection
of any additional electromagnetic energy into the SM plasma. A recent analysis [33] of this constraint
informs us that it lies roughly at the level of ∼ 5×10−29 (mDM/100 MeV) cm3s−1, noting that it depends
approximately linearly on the DM mass, but is, in any case, roughly three orders of magnitude below that
needed at freeze out to recover the observed relic density. However, as the DM get heavier, this constraint
becomes quite weak and can be essentially ignorable for DM masses above roughly >∼ 10 − 20 GeV. We
further note that this constraint from the CMB is not expected to strengthen by more than a factor of
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∼ 2 in the coming years [34–36]. There are also constraints of a very similar magnitude for this range of
DM masses from a completely different source which are found to arise from Voyager 2 data [37,38].

These simultaneous requirements pose a strong set of constraints on the nature of DM and how it
may annihilate into the SM via the s-channel exchange of spin-1 mediators like the DP, e.g., if DM is a
Dirac fermion (as will be considered here), this annihilation process is dominantly s-wave assuming vector
couplings. In such a case, since the reaction rate is generally not very sensitive to the relative velocity
of the annihilating DM, vrel, the cross sections at freeze-out and during the CMB are not expected to
be much different thus conflicting with the requirements above. Does this imply that light Dirac fermion
DM in the KM setup and annihilating to the SM as described above is excluded in this mass range?
In the simple canonical DP scenario – without any ‘tweaking’ – as discussed earlier the answer in ‘yes’.
However, modifications of this basic idea may allow for this possibility and several more or less successful
but diverging paths might be followed, one of which we will consider here. In recent work [26] on the 5-D
extension of this usual 4-D KM setup with Dirac DM, it was found in a random scan that certain regions
of the model parameter space simultaneously satisfied the CMB bound while still leading to the desired
DM annihilation cross section (via multiple s-channel Kaluza-Klein DP exchanges) at freeze out. While
the exact mechanism at work in this case was speculated upon and the necessary ingredients for this
success never fully identified, it was clear that the existence of more than one particle exchange and with
the proper interference structure were clearly necessary ingredients. In this paper, we will further examine
this issue in some detail and then construct a simpler, more tractable and transparent 4-D scenario which
satisfies all of the necessary conditions. To this end we will employ a modified version of the dark sector
model considered in Ref. [20] based on a SM-like, but fully broken, SU(2)I × U(1)YI dark gauge group,
naturally having two diagonally coupled gauge bosons with only a few adjustable parameters.

The outline of this paper is as follows: in Section 2, based on our previous work, we consider and
outline in detail the necessary inputs and constraints on a model of Dirac fermion DM which interacts
with the fields of the SM through (at least) a pair of two spin-1 mediators, Zi, whose couplings are
generated by KM, thus generalizing the conventional DP setup. We then construct a simple but realistic
model that satisfies all of these requirements. In Section 3, we discuss the phenomenological implications
of the model we construct based on the requirements arrived at in the previous Section and then we
explore how their interplay impacts the model’s parameter surviving space. Our results and conclusions
are then summarized in Section 4.

2 Model Setup and Basics

In this Section, we will discuss the essential requirements for and the set of constraints imposed upon
models that may realize the expectations described above as well as the reasoning behind them. A simple,
prototypical – but potentially physically realistic – proof of principle model of this kind with the desired
properties will then be presented and examined in some detail.

2.1 Model Building Constraints

The mechanism envisioned here has several important distinct components – some of which were super-
ficially touched upon in our earlier work [26]. In this subsection we will clarify what these are and what
their interplay is with one another. Based on these observations we will make a number of model building
assumptions in what follows and then explore how they can be realized.

(i) We imagine that light Dirac fermionic DM, χ, with a mass in the in the 10 to 1000 MeV range,
realizes the observed relic density via the usual pair annihilation to SM fields, e.g., e+e−, via the s-
channel exchange of two (or more) new neutral gauge bosons, Zi, which both have masses of comparable
magnitude to the DM. As noted above, this is a rather natural occurrence in, e.g., ED models of KM
wherein the masses of all the low lying states are set by the inverse size of the extra size of the ED,
R−1 [24–27], or in models where the masses are determined by the single vacuum expectation value (vev)
of a scalar field. While the couplings of the DM to the Zi will be set by a common overall dark gauge
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coupling, gD (modulo Clebsch-Gordon and mixing angle factors as appear in the SM), the Zi couplings
to SM fields will be determined up to similar overall factors via a single kinetic mixing with the SM
hypercharge field and so are related to one another but are also, as is usual, suppressed by loop factors.
This loose framework is just a rather straightforward generalization of the familiar DP/KM model [16,17].
To simplify matters and make things more tractable we will specifically concern ourselves with the case
of only two Zi → Z1,2 in what follows but the arguments we make can be generalized as in the case
of, e.g., ED that was previously considered as well as to other scenarios with multiple s-channel spin-1
exchanges.

(ii) Though axial-vector couplings of the DM to the Zi, a
DM
i , can be present, and we will return to this

possibility below, we will assume that the DM [and the SM fermions] must at least have [only have] vector

couplings to the Zi, v
DM,SM
i 6= 0, so that in the non-relativistic, low relative velocity limit, v2

rel → 0, the
annihilation process is primarily an s-wave and is also not, e.g., helicity or threshold suppressed by any
small SM fermion masses that may appear in the final state. This is, again, just a generalization of the
familiar DP/KM scenario.

Figure 1: Semi-quantitative picture of the Dirac fermion DM annihilation cross section, in random units,
when

√
s is given in units of m1 and where m2/m1 = 3 has been assumed for purposes of demonstration.

Both the constructive or destructive interference possibilities are shown.

(iii) Now consider the DM annihilation cross section during the CMB era at z ∼ 103 when the
temperature is sufficiently low so that taking the v2

rel → 0 approximation is an excellent one and thus
any axial-vector couplings of the DM to the Zi, a

DM
i , can be safely ignored as their contributions to the

annihilation rate are all v2
rel suppressed in this case. This implies that in this limit there is effectively

only a single ‘vector-vector’ coupling amplitude contributing to the DM annihilation process to a given
final fermion state which is made up of the sum of the individual contributions of the various Zi and
which we can write in the simple familiar form

A '
∑
i=1,2

vDMi vSMi
s−m2

i + iΓimi
, (1)

where s is the usual Mandelstam variable and here mi = mZi with Γi being the total widths of these
states (assumed here to be at least somewhat narrow Γi/mi < a few % or perhaps significantly smaller).
Further, we now make the additional assumption that the DM mass is such that 2mDM lies within the
saddle region, i.e., m1 < 2mDM =

√
s < m2 between the two resonance humps where the equality follows
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from the fact that we have taken v2
rel → 0; such a situation may be envisioned as that shown qualitatively

in Fig. 1. Trivially, if the product of the DM and SM couplings to the Z1,2 have the same (opposite) sign
in both cases, then destructive (constructive) interference between the two contributions to the amplitude
in the saddle region between the resonances will take place. In the case of destructive interference, in
which we will be interested, the location of this very deep cross section minimum lies approximately (in
the zero width limit) at the center of mass energy

√
s0 '

[m2
2 +X2m2

1

1 +X2

]1/2
, (2)

where X2 > 0 is the ratio of the product of the couplings of two the Zi, i.e., X
2 = vDM2 vSM2 /(vDM1 vSM1 ).

For a fixed value of the mass ratio m2/m1, the value of X2 determines the proximity of this minimum
to the location of either resonance, e.g., moving closer to m1 relative to m2 as X2 increases. (We will
return to this relationship below within the context of a specific model.) Now we easily imagine that for
DM lying in this mass range this destructive interference is at least partially responsible for the relatively
suppressed annihilation cross section which must hold during the CMB (as well at at present times),
provided the value of mDM is properly chosen.

While such a deep destructive interference may be possible to achieve if two or more distinct ampli-
tude structures of comparable magnitude contributed to the annihilation process, it certainly would be
significantly more difficult to arrange since the precise relative weights of the contributions to the total
amplitude would in general be quite different1. This is our reasoning behind the assumption made above
that the Zi couplings to the SM are solely vector-like; while taking the v2

rel → 0 limit allows us to ‘turn
off’ any contribution to the total amplitude from DM axial-vector couplings during the CMB, it generally
cannot ‘turn off’ those associated with SM axial-vector couplings.

So far we have been considering ‘SM’ in the above to be a single entity, e.g., in the mass range of
interest to us here it may simply be the e+e− final state. Of course if the DM is sufficiently massive
then other final states such as µ+µ− and/or hadrons may also be kinematically accessible and the total
annihilation cross section is then a weighted sum of these various contributions. It is, of course, a strongly
destructive minimum in this total cross section that we seek here. In such a case, certainly, we will need
all of these individual contributions to have destructive minima at the same value of

√
s as given by

the expression above and to that end we must require that the ratio vSM2 /vSM1 be the same for all
accessible SM final states. Note that this is a weaker requirement than demanding that the separate vSM1,2

individually be the same for all of these final states. This weaker requirement can be easily satisfied if,
e.g., vSMi = ciQem (or with Qem here replaced by any other fixed combination of gauge group generators),
where the ci are final state independent constants. This will indeed be the case in the simple model that
we will construct below and this requirement occurs relatively naturally if both of these couplings are
generated via the same KM but result in different corresponding strengths due to mixing angle effects.

(iv) A further constraint on this setup is that we must require (in its weakest form and again some-
thing we will return more seriously to below) that mDM < m1 so that the s-wave, non-KM or velocity
suppressed process χ̄χ → 2Z1 is kinematically forbidden when v2

rel → 0 otherwise the DM annihilation
rate during the CMB will very easily violate the bound above. As will be discussed below, finite tem-
perature effects, e.g., during freeze-out, will lead to a required strengthening of this bound as can be
gleaned from the detailed study of Forbidden DM models [39–43]. As we will see below, this also leads
to a further bound on the ratio m2/m1 and thus will also play a rather strict role as a constraint on our
model parameter space.

(v) Although we may manage to sufficiently suppress the annihilation rate of Dirac fermion DM
during the CMB via destructive interference, we still need to have a correspondingly large annihilation
cross section at freeze-out, < σvrel >FO' 4.5 ·10−26 cm3s−1 ≡ 4.5σ0 [11,12], for Dirac fermion DM when
mDM/TFO ' 20 or so, to recover the DM relic density as observed by Planck. To do this we rely on the
non-zero temperature effects present during the early universe to insure that v2

rel 6= 0 be large enough to

1For example, while there can be destructive interference of the γ and Z contributions below the SM Z resonance for the
familiar e+e− → f̄f process, the resulting cross section suppression is not extremely large due to the existence of several
competing amplitudes.
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sufficiently raise the center of mass energy for at least some of the DM collisions. Thus, as in the case
of resonant enhancement, we imagine that with TFO 6= 0 the DM has a sufficiently enhanced center of
mass energy to feel the influence of the Z2 resonance hump. For the mass range of interest to us here,
this effect must be strong enough so as to enhance the annihilation cross section in comparison to CMB
times by a factor by roughly K ∼ a few ·103 or so as mentioned above and will be further discussed
below. However, unlike in the case of ordinary resonant enhancement, the cross section in our case starts
out quite suppressed at low temperatures due to the destructive interference implying that these finite
temperature effects may now be potentially much more significant as we saw in our earlier work on ED..
Obviously, if m2 is too large in comparison to 2mDM the influence of this second resonance will be be
reduced unless the coupling ratio X2 is sufficiently large so as to compensate for this effect. We note that
due to (iv) we cannot arbitrarily increase the value of mDM to bring the DM ‘closer’ to experiencing the
second hump and, since need to rely only on these thermal effects, m2 cannot be made arbitrarily large
in comparison to m1. Thus we might expect that, e.g., m2/m1 <∼ 3 or even less is necessary to make this
approach effective. Clearly this balance of potentially conflicting constraints will require some detailed
numerical study within a specific framework to determine if they can be simultaneously satisfied. To
address all of these issues we now consider a rather simple, but physically interesting, proof of principle
toy model wherein each can be examined in turn.

2.2 Constructing a Simple Model

To move forward, we consider a simple model of the dark sector gauge interactions a variant of which
we have analyzed previous [20] in a very different context and which we will realize here in a somewhat
different manner. Consider generalizing the familiar the dark gauge group from U(1)D to SU(2)I×U(1)YI
with the gauge couplings gI , g

′
I in analogy with the SM. Unlike in the earlier version of this model, the

SM fields themselves will remain singlets under this gauge group. Unlike the SM, however, this gauge
group must be completely broken at or below the <∼ 1 GeV mass scale; as will be seen below this complete
symmetry breaking requires the action of (at least) two ‘dark’ Higgs multiplets acquiring vevs to supply
the required Goldstone bosons. In analogy with the SM, we can define a corresponding set of quantities
g′I/gI = tan θI = tI , eI = gIsI = g′IcI , with sI = sin θI , etc. Note that, again analogous to the SM, we
will define the ‘dark charge’ to which the dark photon will couple as QD = T3I +YI/2 in familiar SM-like
notation.

It is convenient to begin this discussion by first considering the KM between the SM U(1)Y hypercharge
gauge boson, B̂µ, and the analogous U(1)YI field, B̂µI , generated as usual at the 1-loop level through the
action of some portal matter (PM) fields but whose detailed nature is beyond the scope of the present
discussion [19–23]. This KM is described in familiar notation by

LKM =
ε

2cwcI
B̂µνB̂

µν
I , (3)

where typically ε = 10−(3−4). Here we will always consider ε to be sufficiently small so that we can
generally work to linear order in this parameter except where necessary. This KM is removed (to lowest
order in ε) via the usual simple field redefinitions: B̂ → B + ε

cwcI
BI and B̂I → BI . Now consider all

of the gauge fields in the SM plus those in the dark sector in a familiar basis: W±, Z and A defined as
usual and now also W±I (where here the ± labels the electrically neutral WI ’s dark charge as we will see

below), ẐI and ÂI . In such a basis, after KM has been removed, the SM gauge fields will couple as they
usually do but the hermitian dark sector gauge fields will pick up additional interactions proportional to
the SM hypercharge

gI√
2
T+
I WI + h.c.+ eIQDAI +

gI
cI

(T3I − s2
IQD)ZI +

εgY
cwcI

Y

2
(cIAI − sIZI) , (4)

Note that at this point we have only removed the KM and have gone to a somewhat convenient and
familiar basis; none of the gauge symmetries have yet been broken which is what we need to do next.

As usual, we will assume that the SM gauge group is broken by the T3L = −Y/2 = 1/2 vev, v ' 246.2
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GeV, of a weak isodoublet which carries no dark quantum numbers and gives, e.g., the W± it’s usual
tree-level mass MW = (gv/2) while leaving the SM photon massless. Of course v 6= 0 also generates the
usual diagonal mass term for the Z, M2

Z = (gv/2cw)2 but, via the KM terms in the couplings, there
will also be both diagonal and off-diagonal terms in the dark sector as well as mixing terms with the
Z. We note, however, that at this step dark gauge symmetries remain unbroken. To accomplish this
further breaking we first add an SU(2)I doublet, SM singlet scalar field which has YI/2 = −1/2 and
whose QD = 0 element obtains a vev, vD ∼ 1 GeV; this generates a mass for W±I , i.e., MWI

= gIvD/2,
in analogy with the SM. Second, we add an additional SU(2)I , as well as SM, singlet complex scalar
field with QD = 1 that also obtains a vev, vS , of a similar (but perhaps slightly smaller) magnitude.
Abbreviating the suggestive combinations M2

ZI
= (gIvD/2cI)

2 and M2
AI

= (eIvS)2, the full 3× 3 neutral
gauge boson mass squared matrix (the SM photon remaining massless and decouples, of course) then
becomes in the (Z,AI , ZI) basis

M2
3×3 =

 M2
Z −εtwM2

Z εtwtIM
2
Z

−εtwM2
Z ε2t2wt

2
IM

2
Z +M2

AI
−ε2twtIM2

Z − tIM2
AI

εtwtIM
2
Z −ε2twtIM2

Z − tIM2
AI

ε2t2wt
2
IM

2
Z + t2IM

2
AI

+M2
ZI

 . (5)

Making the small rotations AI → AI − εtwZ, ZI → ZI + εtwtIZ and Z → Z + εtw(AI − tIZI) then
removes the mixings between the now physical Z and both AI , ZI to this order as well as all of O(ε2)
entries in the lower right 2× 2 submatrix. Combining these results with Eq.(4) above, some algebra tells
us that the AI , ZI gauge bosons (which are not yet mass eigenstates) will now couple to SM fields in
the combination eεQem(AI − tIZI) and that the physical Z picks up an O(ε) coupling to the dark sector
fields. These results assume that M2

ZI ,AI
<< M2

Z which is certainly true for the parameter choices we
have made so far. We can now decouple the Z and then the remaining neutral gauge boson mixing is
seen to lie totally within the dark sector and has significantly simplified to just (now in the AI , ZI basis):

M2
2×2 =

(
M2
AI

−tIM2
AI

−tIM2
AI

t2IM
2
AI

+M2
ZI

)
, (6)

where we now see very transparently that the QD = 1 singlet vev, vS , is obviously required for both
of the eigenstates masses to be non-zero. This matrix is easily diagonalized by defining the new mass
eigenstate fields Z1,2 where AI = Z1cφ − Z2sφ and ZI = Z2cφ + Z1sφ with sφ(cφ) = sinφ(cosφ) and
where the angle φ is given by the expression

tan 2φ =
2tIM

2
AI

M2
ZI

+ (t2I − 1)M2
AI

. (7)

In terms of the physical fields Z1,2, the coupling of these dark gauge bosons with the visible sector SM
can be simply written as

LSM−int = eεeffQem(Z1 − TZ2) , (8)

where we have now defined the combinations

T = tan(φ+ θI) =
tφ + tI
1− tφtI

, εeff = ε(cφ − tIsφ) = εcφ(1− tφtI) . (9)

Note that, within the parameter ranges employed below, it is always true that εeff ≤ ε. Also note
that, trivially, the Z1,2 couplings to the SM are proportional to one another, i.e., vSM1 = eεeffQem,
vSM2 = −TvSM1 in the notation of Eq.(1). The corresponding couplings of the Zi to the dark sector fields
are given by

LDM−int =
[gI
cI

(T3I − s2
IQD)sφ + eIQDcφ

]
Z1 +

[gI
cI

(T3I − s2
IQD)cφ − eIQDsφ

]
Z2 . (10)

To go further we must posit the transformation of the DM field under SU(2)I×U(1)YI requiring, trivially,
that QD(χ) 6= 0 and that the DM be the lightest member of the SU(2)I multiplet to which it belongs
to insure its stability. The simplest possibility satisfying these requirements is that χ is a QD = 1 state
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which is also an SU(2)I singlet, i.e., T3I(χ) = 0 2. Assuming this to be the case, then if we define the
combination

gD = eIcφ(1− tφtI) , (11)

we obtain that vχ1 = gDQD(χ) ≡ gD and vχ2 = −Tvχ1 . Finally, combining both sets of couplings we
observe that

vχ2 v
SM
2

vχ1 v
SM
1

= T 2 , (12)

where we see that we’ve reproduced the desired result from the discussion in the previous subsection
above with the identification X2 → T 2 and, since T = tan(φ+ θI), 0 ≤ T 2 ≤ ∞.

Next, we need to address the masses of the Zi themselves, mi, and their relationships to the other
model parameters. Given the discussion in the previous subsection we recall that we will be particularly
interested in parameter values where the mass ratio λR = m2/m1 is held fixed. Given the simple form
of the mass squared matrix above it is clear that the ratio of its eigenvalues, λ2

R = λ+/λ−, will depend
only upon the value of tI and the ratio ρ = M2

AI
/M2

ZI
. Explicitly,

(M2
ZI )
−1λ± =

1

2

[
1 + ρ(1 + t2I)

]
± 1

2

[
1 + 2ρ(t2I − 1) + ρ2(1 + t2i )

2
]1/2 ≡ A±B , (13)

so that

λ2
R =

1 +R

1−R
with R =

B

A
=
λ2
R − 1

λ2
R + 1

. (14)

For a given λR one can now determine (the physical) value of ρ(tI) as the ‘+’ root of quadratic equation

R2 − 1 + 2
[
R2(1 + t2I) + 1− t2I

]
ρ+ (R2 − 1)(1 + t2I)

2ρ2 = 0 , (15)

and requiring this root to be real places an upper bound on tI :

tmaxI =
R

(1−R2)1/2
=
λ2
R − 1

2λR
, (16)

with ρ(tmaxI ) = [1 + tmax 2
I ]−1. Using the definition of the angle φ in terms of ρ and tI then leads to an

analogous upper bound on tφ which after some algebra becomes

tmaxφ =
[
1 + tmax 2

I

]1/2 − tmaxI = λ−1
R , (17)

so that, after more algebra and employing the definition of T above, we finally arrive at the simple upper
bound

Tmax = λR . (18)

This bound is phenomenologically very important because, as we noted above, we will need to increase T
as m2/m1 becomes larger to keep the cross section minimum within the range given by the requirements
(iv) and (v) above.

To see how this parameter constraint and the other requirements above play out in this setup, we
need to perform a detailed numerical study to which we now turn.

3 Bactrian Phenomenology

This model as constructed has only vectorial couplings for the DM and SM to the Zi and basically
has only 3 dimensionless parameters apart from an overall coupling strength and a mass scale; we take
these parameters to be r = 2mDM/m1, λR = m2/m1 and T . As we saw above, model consistency plus
phenomenological constraints impose somewhat sever restrictions on their interrelated allowed values.

2The dark sector may, of course, contain other additional fields in various multiplets of the dark gauge symmetry all of
which are more massive than the DM itself.
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To proceed, we first consider the DM annihilation cross section for the process χ̄χ→ Z∗i → f̄f , where
the fermion field, f , is here being used as a placeholder for the SM in generality. This cross section is
given in the above model by by a simple generalization of the well-known result [44]

σvrel =
2αε2effg

2
D

3s
Nf
c Q

2
f βf

3− β2
f

2

3− β2
χ

2

∑
i,j

Pij ṽ
χ
i ṽ

χ
j ṽ

f
i ṽ

f
j , (19)

where β2
χ,f = 1−4m2

χ,f/s.
3 As is also clear, and as previously noted, the β2

χ terms will essentially vanish
at the time of the CMB due to the low temperatures/DM velocities. For simplicity, we will consider the
specific case of f = e in what follows so that Nf

c = |Qf | = βf = 1 in the kinematic region of interest but
the reader should remember that it may be a factor of a few time larger numerically when additional final
state channels become kinematically allowed. Note that with this chosen normalization and employing
the results above we find that ṽχ1 = ṽf1 = 1 and ṽχ2 = ṽf2 = −T . The kinematic propagator factor
appearing in this expression, Pij , is given as usual by

Pij = s2
(s−m2

i )(s−m2
j ) + ΓiΓjmimj

[(s−m2
i )

2 + (Γimi)2][i → j]
. (20)

Since we are assuming that m1 < 2mDM < m2 as per the above discussion, Z1 can decay only to SM
states, i.e., the electron, so that it has a suppressed width, Γ1/m1 = (eεeff )2/12π, whereas Z2 can
dominantly decay directly to pairs of DM fermions, Γ2(DM)/m2 = PS · (gDT )2/12π, where ‘PS’ is a
simple phase space factor, i.e., PS = (1 − 4m2

χ/m
2
2)1/2(1 + 2m2

χ/m
2
2). Z2 can also decay, like Z1, into

SM fields but with a partial width that also is highly suppressed, i.e., Γ2(SM)/m2 = (eεeffT )2/12π,
which can generally be neglected but will be included here for completeness since we will sometimes
approach the kinematic region where PS → 0. For numerical purposes we can conveniently express this
DM annihilation rate in units of σ0 = 10−26 cm3s−1 which sets the typical scale for that required to
obtain the observed relic density (recalling that the required Dirac fermion annihilation rate to achieve
this density for DM masses in this mass range of interest is ' 4.5σ0 [11, 12]) as

σvrel
σ0
≡ g2

D

e2

( εeff
10−4

)2 (100 MeV

m1

)2 σ

σ0
. (21)

As noted above, during the CMB and at present times, temperatures are sufficiently low so that
taking v2

rel, β
2
χ → 0 becomes an excellent approximation and thus we can assume thats = 4m2

DM in such
circumstances. Consider the sample case with the parameter choices m2/m1 = 2 with gD/e = 1(0.1),
m1 = 100 MeV and εeff = 10−4 which we will typically employ as basic realizations of our setup. Since
the cross section approximately factorizes as seen above, it is straightforward to obtain the corresponding
results for any other choices of gD/e, m1 and εeff . For such a parameter set we can completely determine
the DM annihilation cross section in the low velocity limit as a function of r = 2mDM/m1 assuming
different values of the parameter T as input; the results of this calculation are shown in Fig. 2 assuming
that gD/e = 1 for purposes of demonstration. Here we see the presence of the two resonance peaks with
a series of destructive minima lying between them; the location of the minimum is seen to move closer
to the Z1 hump as the value of T increases as expected from the discussion above. However, we cannot
continually push this minimum to lower values of r since T has a maximum value, i.e., Tmax = λR = 2
in the present case, and thus the two furthest left curves in the lower panel are not actually allowed by
this constraint and appear here only for the sake of comparison. We note that the range of parameters
comfortably satisfying this CMB constraint is rather modest (to say the least) when gD/e = 1 is assumed.

To further clarify these points, Fig. 3 shows the location of the v2
rel → 0 annihilation cross section

minimum as a function of T for various values of the Z1,2 mass ratio, m2/m1; also shown is the corre-
sponding upper bound on T for the same range of values of m2/m1 that we have determined previously

3The presence of possiblel additional axial couplings of the DM to the Zi can be easily accommodated by letting (in a
common normalization) ṽχi ṽ

χ
j → ṽχi ṽ

χ
j +2β2

χ(ãχi ã
χ
j )/(3−β2

χ) in this expression above. However, this does not happen in the

present simple model realization that we are considering here but if present would generally only make O(1) modifications
to the discussion below at the time of freeze-out but would have no effect during the CMB as noted previously.
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Figure 2: Dirac fermion DM annihilation cross section in the v2
rel → 0 limit as described in the text

assuming that m1 = 100 MeV, εeff = 10−4 and gD/e = 1 in units of σ0 = 10−26 cm3s−1, shown as a
function of r = 2mDM/m1. Here it is also assumed that m2/m1 = 2 and also that, for the minimum,
from right to left, (Top) T = 0.1, 0.3, 0.54(' tan θw), 0.7, 0.9 and (Bottom) T = 1.05, 1.2, 1.5, 2, 3, 5,
respectively. In both panels, the dashed line represents the approximate upper bound on this cross
section allowed by the CMB.
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Figure 3: Location of the v2
real → 0 cross section minimum in units of m1 as a function of T assuming that,

from top to bottom, m2
2/m

2
1 = 7, 6, 5, 4, 3, 2, respectively. The vertical dashed lines show the maximum

allowed value of T for, from left to right, the corresponding value m2
2/m

2
1 = 2, 3, 4, 5, 6, 7, respectively. In

each case, the region to the right of the dashed line is unphysical and so excluded.

above. For a fixed T the location of the minimum will move to larger (smaller) values as m2/m1 increases
(decreases) and similarly, for fixed m2/m1 the value of the minimum location will decrease (increase) as
T increases (decreases). However, we see that due to the bound on T from above, the location of the
allowed physical minimum can never be pushed to a value of r smaller than that given by

rmin =
(√s0

m1

)
min

=
[ 2λ2

R

1 + λ2
R

]1/2
, (22)

for a given λR so that, e.g., for λR = m2/m1 = 2(3) = Tmax, rmin =
√

1.6(
√

1.8) and this minimum
asymptotes to the value

√
2 as λR →∞.

Returning now to Fig. 2, we see that, quite generally, the suppressed saddle region between the
resonance humps can very easily lead to cross sections of order ∼ a few 10−2σ0 or larger when we choose
gD/e = 1 over a modest mass range given the proper choices of T . However, we recall that in the units
introduced here the CMB cross section bound is roughly given by [33] σCMB/σ0 < 2.5 × 10−3 r as also
can be seen in this Figure. To increase the size of our ‘zone of comfort’ where we quite safely satisfy this
constraint in the saddle region and for later phenomenological reasons, we will chose to shift our default
value of gD/e downward, i.e., to gD/e = 0.1, so that all of the model predictions displayed in this Figure
will also shift downwards by a factor of 100. This value shift now provides us with a significantly larger
region of parameter space safely satisfying the current (and any near future) CMB constraint discussed
above for this range of DM masses; we will assume this value of gD/e(= 0.1) in the discussion that
follows4.

We have now obtained annihilation cross sections easily satisfying the CMB constraint as v2
rel → 0

for a respectable large range of parameters. However, we also must show that the thermal effects at the
time of freeze out can yield a sufficiently large value of < σvrel >FO' 4.5σ0 for the same set of input

4We note that at this point we could have just as easily instead have assumed that εeff = 10−5 to recover the same
reduced cross section as these are both simple overall numerical factors. However, this smaller value of εeff is somewhat
more difficult to arrange at the 1-loop level and the benefits of the choice of reducing the coupling ratio gD/e instead will
be made more obvious below.
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Figure 4: The cross section enhancement ratio, K, as a function of r assuming xF = 20 and λR =
m2/m1 = 2. From right to left the curves correspond to T = 0.1, 0.3, 0.54, 0.7, 0.9, 1.05, 1.2, 1.5, 2, 3, 5,
respectively, as were employed in the previous Figure for comparison.
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parameters, gD, εeff ,m1. Note that due to the overall parameter factorization exhibited in Eq.(21), the
required cross section enhancement factor, K, as will be defined below, is independent of the specifically
chosen values of gD/e and εeff and will instead depend solely upon the values of the kinematic parameters
r, λR and T as well as the temperature at freeze-out, TFO. At freeze-out, after some algebra, the thermal
averaged cross section can be written as (see, e.g., Refs. [2, 45])

< σvrel >FO=
8xF

K2
2 (xF )

∫ ∞
γmin

dγ γ2(γ2 − 1)K1(2γxF ) σχ̄χ→SM , (23)

where here the role of ‘SM’ will still be played by the e+e−final state as above, xF = mχ/TFO ' 20− 30,
K1,2 are the familiar modified Bessel functions and γ =

√
s/2mχ with γmin = 1 here; note that it is only

σ and not σvrel that appears inside of the integrand in this expression. We now define the ‘enhancement
factor’, K, as the ratio of the annihilation cross section at freeze-out to that obtained during the CMB
when v2

rel → 0, discussed above, i.e.,

K =
< σvrel >FO
< σvrel >CMB

, (24)

where we will require, roughly, that K ∼ a few 103 or so to get the necessary numerics to work out
properly. We gain stress that K itself does not depend on the values of gD, εeff or even m1 to a rather
good approximation since they simply cancel in this ratio but instead depends only upon the two mass
ratios and the value of T . To be specific, let us assume that λR = 2 and xF = 20; we can then calculate
K as a function of r for different values of the parameter T as is shown in Fig. 4 and then search for the
regions where K has the desired range of values. Here we see that for roughly the range 0.2 <∼ T <∼ 1.3,
the values of K can easily lie within the desired range of ∼ a few 103 or so; this corresponds roughly
to the scaled DM mass range of 1.40 <∼ r <∼ 1.95. For larger values of T , the locations of the v2

rel → 0
cross section minima discussed above are just too far away from the Z2 resonance hump to obtain an
adequate enhancement – especially so if we must also require that T ≤ 2 lies within the physically allowed
range. We also note that as T increases the width of the Z2 increases, lowering the peak height, also
leading to a further suppression of the value of K, although this is not numerically a very important
effect. For smaller values of T outside the above range, the Z2 coupling is simply too weak and the
proximity of the minimum too close to the Z2 peak to provide the cross section boost that is needed. As
a further comment on this Figure, we can also see that the values of K obtainable in this setup from the
usual [46–48] resonant enhancement mechanism associated with the Z1 is ∼ 100− 200 and is clearly far
too small for our purposes by a factor of ∼ 10− 30 or more.

It is worthwhile to consider a few variations on this calculation while keeping λR = 2 held fixed; we first
consider varying out choice of xF = 20 to, e.g., larger values, i.e., xF = 25, 30. Since xF = mDM/TFO,
an increase in xF lowers the freeze-out temperature and thus the typical values of βχ, vrel occurring in
the DM collision process are also reduced since < β2

χ >' 2/(3xF ) and, hence, so is the typical value of√
s. This would imply that for fixed r the DM is less able to feel the influence of the second resonance

hump and we thus expect the value of K to decrease with increasing xF . Fig. 5 shows what happens
when we move to the larger values of xF = 25 or 30 and we see that our expectations are indeed met and
that the range of T over which the value of K is sufficiently large to satisfy our requirements is indeed
reduced, but not by a very serious amount. For example, even when xF = 30, we see that the parameter
range 0.2 <∼ T <∼ 1 easily provides for adequate values of K.

We briefly consider two other modifications related to the the Z2 total width since its intrinsic ‘nar-
rowness’ as 2mDM → m2 does plays a role in the calculation, specifically, how it compares with the
thermal ‘doppler-induced’ resonance width. (i) One may wonder if the use of ‘running’ decay widths
(see, e.g., [49]), which scale like ∼

√
s, instead of our default use of fixed widths might lead to some-

what different results when xF , T and λR (as well as both gD/e and εeff ) are held fixed. The top
panel of Fig. 6 addresses this issue for a particular choice of the parameter set; at least in this case
we can barely see the difference between the two predictions for K and we conclude that this choice
likely makes little difference. (ii) Since the width of the Z2 becomes ε2eff suppressed in the limit when
2mDM → m2, one might ask how any additional decays of the Z2, into, e.g., other possible dark sector
fields, might influence our results due to the increased Z2 width. We recall that in the current setup
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Figure 5: Same as the previous Figure but now assuming that (Top) xF = 25 or (Bottom) xF = 30.
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Γ2/m2 ' Γ2(DM)/m2 = PS (gDT )2/12π ' 2.4× 10−3 PS (gD/e)
2T 2, where PS is just the phase space

factor introduced above PS = (1 − 4m2
χ/m

2
2)1/2(1 + 2m2

χ/m
2
2), which is generally rather narrow even

when gD/e = 1. Clearly as this width increases, the height of the Z2 resonance hump decreases leading
to a suppression of the enhancement of the value of K which is obtainable when all other parameter
values are held fixed. A priori, we don’t expect that these contributions can be very large since whatever
these additional dark fields into which the Z2 can decay may be, they must be heavier than mDM (by
definition) so the window for their kinematic accessibility is quite small. The lower panel of Fig. 6 shows
the effect of adding these potential ad hoc contributions to the Z2 width with all of the other parameters
held fixed. Clearly, if these contributions could become large then there can be a significant reduction in
the possible values of K by over an order or magnitude. However, as noted, since m2 is not that much
larger than 2mDM when λR = 2, there is very not much of a window for such a large suppression to take
place. Of course as λR increases the possibility of such significant contributions can also increase due to
the opening up of the allowed phase space. However, as we will see below, such scenarios already face
other more significant issues.

So far, we have not spent much time concerning ourselves with the model building constraint (iv)
above, i.e., that we need to avoid a potentially sizable s-wave χ̄χ → 2Z1 process cross section, other
than by requiring that mχ = mDM < m1 so that, at least when v2

rel → 0 during the CMB, this
worrisome process is kinematically forbidden. However, as is well-known [39–43], at the time of freeze
out, thermal effect can increase the value of

√
s sufficiently so that this process becomes kinematically

allowed although still remaining somewhat suppressed by Boltzmann factors. In the current setup, this
process occurs through t− and u−channel χ exchange similar to the familiar e+e− pair annihilation
process in QED. Interestingly, if at least part of the fermion DM’s mass were to be generated by one or
more of the dark Higgs field vevs (which, given our coupling structure, is not the case presently under
consideration here and can more easily occur in the case of scalar DM) then those scalars would also
contribute to this process as s−channel exchanges. If we want the usual χ̄χ → Z∗i → e+e− reaction to
remain the dominant DM annihilation process and we don’t want the χ̄χ → 2Z1 process to reduce the
amount of DM from that we observe, then we must require that the corresponding annihilation cross
section for the 2Z1 final state satisfy the rough bound < σ(2Z1)vrel >FO /σ0 <∼ 1 5. To examine this
reaction in the present context we make use of the cross section expression for this process as given in
Ref. [50] with only a few modifications. This reaction is, of course independent of the values of both m2

and εeff (which is one reason that it can be so large) but is proportional to (gD/e)
4 and will depend

on the value of r and, of course, xF , to which we expect some substantial sensitivity since as xF → ∞
this annihilation rate will vanish due to the Boltzmann factors. Recall that the larger the value of xF
the lower the average DM velocity is in the thermal bath and thus the lower is the average value of

√
s.

Based on this Boltzmann suppression, semi-quantitatively, we may expect this cross section to to scale
roughly as [39–43] ∼ e[−(m1−mχ)xF /mχ] = e−(2/r−1)xF which gives a fair approximation to the shape of
the numerical results that we obtain below.

Fig. 7 shows the result of this cross section calculation as a function of r, provided we assume that
gD/e = 0.1 with xF = 20, 25 or 30. This result was obtained by returning to Eq.(23), adopting the
cross section section from Ref. [50], as noted above, and now employing γmin = m1/mχ = 2/r due
to the 2Z1 mass threshold. Here we see several important things: (i) Simply applying the constraint
that < σ(2Z1)vrel >FO /σ0 <∼ 1 implies the corresponding rough bounds r <∼ 1.65(1.71, 1.76) for xF =
20(25, 30). (ii) If we assume that λR = 2 as above, then this constraint tells us that we must require that
0.7− 0.8 <∼ T , depending on the exact value of xF , to avoid this excluded range of r. Simultaneously, T
is also bounded from above if we are to simultaneously obtain a sufficiently large value of K as well as
to satisfy the T <∼ Tmax = λR limit. (iii) The annihilation rate is seen to be is an exponentially strong
function of r, reflecting the Boltzmann factor, rising extremely rapidly as r increases. For example, we
see that for values of r only slightly larger than implied by these bounds the annihilation rate is already
found to be more than an order of magnitude greater than σ0 or possibly larger. (iv) This process is
also quite sensitive to gD/e, as noted above, due to its overall g4

D coupling dependence; this is the main
reason for making the choice gD/e = 0.1 as part of this discussion6. Changes in this parameter will also

5We expect that the Z2 is sufficiently massive so that the Z1Z2 and 2Z2 final states do not pose any similar problems.
6This choice also renders us safe from the corresponding process where one of the Z1’s is produced off-shell [51].
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Figure 6: Sensitivity of the value of K assuming that xF = 20, T = 0.54 and m2/m1 = 2 (Top) comparing
the result obtained employing a running Z2 width (blue) with that from fixed width calculation (green)
and (Bottom) showing the impact of a larger, fixed Z2 total width assuming that, from top to bottom,
δΓ2/m2 = 0.001, 0.003, 0.005, 0.01, 0.02, 0.03, respectively.
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Figure 7: Dirac fermion DM pair annihilation cross section into 2Z1 via thermal effects, in units of σ0,
taking gD/e = 0.1, as a function of r and assuming, from left to right, that xF = 20, 25, 30, respectively.

lead to some substantial modifications on the constraints on the value of r and consequently the value
of T as we can see by comparing Fig. 7 and Fig. 4. (v) Lastly, we note that as mχ/m1 → 1 all of the
predictions for the different values of xF converge to a common result for the cross section. This should
be no surprise since as r → 2 the amount of additional thermal kinetic energy needed for

√
s to exceed

2m1 shrinks rapidly to zero and so the cross section becomes independent of the temperature.

Given these results, we necessarily must focus on a somewhat narrower model parameter space region.
To this end, Fig. 8 displays the value of T = Tmin for the v2

rel → 0 annihilation cross section minimum
to lie at specific values of

√
s0/m1 as a function of the mass ratio λR = m2/m1; this is also, very closely,

the location where K is maximized. Hence, for example, if we require a maximum value of r to lie
near r = 1.5[1.7], which is likely within the most interesting region, then, e.g., for λR = 2(2.2, 2.5, 3)
we will simultaneously require that T take on values close to 1.18(1.44, 1.79, 2.32)[0.77(1.02, 1.33, 1.80)].
Of course, this does not guarantee that the value of K which results will be sufficiently large so as to
meet our needs and to determine that we must perform a detailed calculation as we did for the case of
λR = 2 above. Note that when this constraint from 2Z1 production is included only the approximate
range 1.40 <∼ r <∼ 1.70 can now yield a sufficiently large value of K when we assume λR = 2.

Due to the non-abelian structure of our setup, there is a second, similarly kinematically forbidden
process that we may also be concerned about, i.e., χ̄χ → Z∗1,2 → W+

I W
−
I where the Z1,2 exchanges

in the s-channel are found to destructively interfere to maintain tree-level unitarity. The corresponding
t, u−channel exchanges, familiar from the SM, are absent here as the DM, χ, is an SU(2)I singlet state.
One finds, however, that it is always true for the set of parameters considered in the present analysis
that roughly (1.1 − 1.3)m1 <∼ mWI

. (This further implies that the decay channel Z2 → W+
I W

−
I for the

on-shell final state will open up once (2.2− 2.6)m1 <∼ m2.) Thus this kinematic suppression coupled with
the destructive interference of the two amplitudes in the s−channel as well as the absence of t, u−channel
exchanges renders this process far less important than the 2Z1 final state we have already considered
above when obtaining parameter constraints. This result remains true even if other values of λR 6= 2 are
considered, a subject to which we now turn.

Up to this point we have mostly limited our discussion to the case of λR = 2 and it behooves us to now
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Figure 8: Required value of T = Tmin for the cross section minimum to lie at
√
s0/m1 = 1.4 − 1.8,

from top to bottom in steps of 0.05, as a function of mass ratio m2/m1. The dashed line represent the
maximum allowed value of T as a function of m2/m1 as described in the text.

ask what happens to our results when this value is modified. First, let us consider the case where λR < 2:
at first thought, this might be very advantageous since as λR decreases the location of the destructive
minimum must move to lower values of r thus making it much easier or even trivial to avoid the constraint
r <∼ 1.7 arising from the 2Z1 production process. However, as was already noted above in our discussion
of Fig. 4, it is not advantageous to have r too close to m2/m1 and lowering λR significantly decreases the
possible range of r over which K can be large. Fig. 9 shows the result of our calculation of K(r) as we
gradually lower the value of λR from 1.7 to 1.5 to 1.2 with all the other parameters held fixed. When,
e.g., λR = 1.7, we see that for 0.3 <∼ T <∼ 1.5, corresponding to roughly 1.25 <∼ r <∼ 1.65, a sufficiently
large value of K is obtained while automatically avoiding a large rate for the 2Z1 DM annihilation mode.
However, we see that as λR further decreases, the allowed range of T is somewhat reduced due to the
requirement T ≤ λR, but that for r is drastically reduced, i.e., 1.15 <∼ r <∼ 1.45 when λR=1.5 and only
the narrow window 1.08 <∼ r <∼ 1.17 when λR = 1.2. Thus the λR < 2 regime remains attractive as long
as we do not go to such low values as to highly compress the remaining allowed parameter space.

In the case of increasing R, our expectation is, since we require that both r <∼ 1.7 (due to the limit
from the 2Z1 annihilation cross section) and T <∼ λR (from model self-consistency), that the values of
K(r) will be somewhat reduced as λR increases when all the other parameters are held fixed. The reason
for this expectation was noted above: as the Z2 resonance hump moves away from the value of 2mDM ,
the ability of the the DM to ‘feel’ this resonance sufficiently to increase the annihilation cross section
at freeze-out is reduced, hence, leading to a lower value of K. Clearly, at some point λR will become
sufficient large, with r <∼ 1.7, that no region of the parameter space allowed by other constraints produces
values of K in excess of the required value of a few ×103 and the model again begins to fail.

Fig. 10 shows the response of K in our r range of interest to increasing values of λ2
R to 5 and 6 for

the same default values of the other parameters as considered previously above in Fig. 4. As might be
expected, for a fixed value of r, the peak of the K distribution moves to higher values of T , while for
fixed T , the peak moves to larger values or r, more frequently beyond our range on interest as λR only
increases further. Here we see already that for λ2

R = 5(6), only the range 1.0 <∼ T <∼ 1.2 corresponding to
1.60 <∼ r <∼ 1.70 (T ∼ 1.20 with r ' 1.70) provides a sufficiently large value of K while also avoiding the
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Figure 9: Same as in Figure 4 but now assuming that (Top left) λR = 1.7, (Top right) λR = 1.5 and
(Bottom) λR = 1.2, respectively, but now with reduced ranges of T , still beginning with T = 0.1 on the
right-hand side of each panel as before.
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Figure 10: Same color codings as in Fig. 4 but now assuming that λ2
R = m2

2/m
2
1 = 5(6) in the top

(bottom) panel.
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Figure 11: Same as the previous Figure but now assuming, from top left to bottom, that λ2
R = m2

2/m
2
1 =

7, 8, 9, respectively.

20



2Z1 constraint. These conflicting requirements are brought home even more strongly in Fig. 11 where
even larger values of λR are considered. For λ2

R = 7 we see that T is constrained from both directions
to lie near ∼ 1.3 − 1.4 with r ' 1.70 while for even larger values of λR, no values of K >∼ 103 seem to
be obtainable and thus no region of parameter space remains tenable given the choices above. From this
analysis we see that once λR becomes much larger than ∼ 2, the size of the allowed parameter ranges
rapidly fall to zero essentially forcing us to consider only the range λR <∼ 2.6− 2.7.

Finally, one might wonder what this setup predicts for DM direct detection experiments in comparison
to the usual single DP scenario due to the existence of the two Zi exchanges. As is well-known, in this
DM mass range, χ− e elastic scattering may likely be the most sensitive channel [52–57]. Assuming that
the DM mass is in the mass range such that µ = memχ/(me+mχ)→ me and noting that the momentum
transfer Q2 << m2

1,2, this cross section is given numerically by the expression

σχe ' 2.72× 10−43 cm2
(100 MeV

m1

)4 [gD/e
0.1

εeff
10−4

]2
(1 + T 2/λ2

R)2 . (25)

Note that all of the model dependence that we have been concerned with up to now is quite weak in this
case and essentially lies completely isolated within the last term appearing here such that, since T ≤ λR,
we must have (1 + T 2/λ2

R)2 ≤ 4 in the current setup. Thus, we anticipate at most O(1) changes in this
cross section from the predictions of the single DP setup with the same input values of gD, ε and m1.

4 Summary and Conclusions

The possibility of light dark matter coupling to the SM via the kinetic mixing of a similarly light dark
photon with the familiar Standard Model hypercharge gauge boson is very attractive for numerous rea-
sons. Such a scenario can lead to a DM relic density consistent with the Planck measurements via the
usual freeze out mechanism in the same parameter range that is accessible to multiple future planned
experiments. This same accessibility leads to some already significant restrictions on the parameter space
of this scenario, if realized in its most simple form, from a wide variety of existing experiments. In par-
ticular, measurements from the CMB impose rather strong constraints on the DM thermally averaged
annihilation cross section at z ∼ 103, < σvrel >CMB , informing us that this quantity must be suppressed
by a factor of K ∼ a few 103 or more, depending upon the light DM mass, in comparison to the analogous
cross section at freeze out, < σvrel >FO, that is required to reproduce the observed relic density. This
would seem to imply that this reaction must be temperature and/or velocity dependent. Naively, this
excludes the possibility of DM annihilation being an s-wave process as would be the case, e.g., of Dirac
fermion DM annihilating via an s−channel DP exchange into the SM fermions since this type of process
is generally temperature/velocity independent. This observation lends support to the possibilities of co-
annihilating Majorana DM, which is an s−wave but is Boltzmann suppressed, or p−wave annihilating
complex scalar DM, which is velocity-squared suppressed, during the CMB epoch.

In this paper, we have fully examined a previously proposed mechanism by which the Dirac DM
annihilation process can be made simultaneously consistent with both the relic density and CMB con-
straints, albeit within a restricted kinematic range. Semi-quantitatively, this requires the existence of
(at least) two dark gauge bosons, Z1,2, by which the DM can pair annihilate via s-channel exchange
to SM fields – as noted, this being an s−wave process. The Zi couplings must be such that their con-
tributions to this annihilation process destructively interfere, in a manner which is independent of the
particular SM final state, when the DM pair threshold lies between the masses of these two resonances,
i.e., m1 < 2mDM < m2. Requiring that mDM/m1 <∼ 0.85, to avoid the s-wave, thermally excited DM
pair annihilation into 2Z1 (which is not suppressed by KM) while also simultaneously keeping 2mDM not
too far below m2, so that a very strong resonant enhancement from the deep destructive minimum can
occur, greatly restricts the parameter space of any potential concrete model.

In order to explore the interplaying roles of these rather restrictive requirements we, constructed a
non-abelian, SM-like SU(2)I × U(1)YI dark sector model but one whose gauge symmetry is completely
broken leading to Z1,2 of comparable masses. The structure of the model’s couplings automatically lead
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to the necessary common destructive interference over a significant parameter space region when the
m1 < 2mDM < m2 condition is satisfied for all SM final states. While the DM couplings of Zi essentially
arise from the gauge group structure and the DM representation, here chosen to be a YI/2 = QD = 1,
SU(2)I isosinglet to help insure it is the lightest dark sector state, the corresponding SM couplings to the
Zi are both generated via KM and the various mixing angles required to obtain kinetically normalized
fields in the mass eigenstate basis. Within this setup it was found that all of the constraints could be
satisfied for a respectable range of couplings and values of the mass ratios m2/m1 and mDM/m1 – but in
a correlated manner. In particular, it was found that for the ratio of the Z1,2 masses roughly in the range
1.2 <∼ λR = m2/m1 <∼ 2.7 and a DM to Z1 mass ratio in the (correlated) range 1.1 <∼ r = 2mDM/m1 <∼ 1.7,
all of our requirements can be easily met simultaneously for corresponding values of the ratio of the
product of Z2 to Z1 couplings to the SM and DM of O(1). This demonstrates not only proof of principle
but also that realistic models with all of the desired properties can be constructed allowing for light Dirac
fermion dark matter.

Light dark matter with a light mediator below the ∼ 1 GeV scale continues to be avery exciting
possibility; hopefully, experimental signatures for such scenarios will be observed in the not too distant
future.
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