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At the tail of its velocity distribution, cold dark matter (DM) can annihilate at finite temper-
ature to states heavier than itself. We explore the possibility that DM freezeout is dictated by
these “forbidden annihilations” at the electroweak scale. Demanding that annihilation products be
Standard Model particles, we find that for the forbidden mechanism to primarily set the DM relic
abundance, DM must couple predominantly, if not solely, to top quarks. This can be arranged by
invoking a non-trivial flavor structure such as Minimal Flavor Violation. We avail two avenues to
achieve the correct thermal cross-section, requiring a mediator exchanged in the s- or t-channel.
These simplified models submit easily to direct detection and collider searches, and necessarily hide
from indirect detection signals. Viable supersymmetric spectra involving the forbidden mechanism

may be found if combined with co-annihilation.

I. INTRODUCTION

Cosmological experiments indicate that about a quar-
ter of the energy budget of the universe is sourced by dark
matter (DM). How did DM acquire this abundance? The
intimacy between thermodynamics and the history of the
early universe suggests that it may have been set by some
thermal mechanism. Usually, DM is assumed to have
frozen out of equilibrium from a thermal bath of various
particle species. In the simplest models, the DM relic
abundance Q, h? is set by a Lee-Weinberg mechanism [I]
involving the process xx — SM SM’. The key ingredient
here is the thermally averaged annihilation cross-section,
(0V)ann- To satisfy Q,h? measured by Planck [2], one
requires, at the stage of freeze-out,

(0V)ann = 3 x 10726 cm?® 571, (1)

This value is obtainable in a minimal manner by para-
metrically taking (0v)ann ~ @®/M?, where o and M are
the DM-Standard Model (SM) coupling and DM mass
respectively. Strikingly, electroweak-size couplings and
weak scale masses — a combination generically required
to understand the stability of the Fermi scale — can lead
to Eq. , a coincidence denoted in the literature as the
“WIMP miracle”. However, there are well-known excep-
tions to this possibility. These alternative mechanisms
for obtaining the correct (0v)ann have gained traction in
recent decades in light of stringent limits placed on the
minimal WIMP scenario. Let us briefly review the mech-
anisms prominent in the literature:

e The combination a?/M? may be fixed by a choice
of coupling strength and mass that need not be
related to the weak scale, the so-called WIMPless
miracle [3].

e The usual Lee-Weinberg calculation does not apply
to the “semi-annihilation” process x;x; — XS,
where S is a singlet under DM symmetries. This
process must be included in the computation of
freezeout if allowed by the model [4].

e 3 — 2 processes within the dark sector, as opposed
to 2 — 2 DM annihilation to SM particles, may be
the dominant DM number-changing process. This
occurs for SIMP DM [5] [6]. These scenarios re-
quire a DM-SM connection in order to be viable
and, unlike the other exceptions listed here, DM in
this case is automatically self-interacting.

e An effective (00)ann that enters the computation of
DM relic density may be set by multiple processes.
In the mechanism of co-annihilation, all possible
annihilation combinations between DM and nearly
mass-degenerate states must be included [7] [§].

e In s—channel-mediated annihilations, the ampli-
tude increases near a pole, enhancing (ov)ann ~
|M|2. This is the so-called resonant annihila-
tion [7, [8].

e The thermal averaging of the annihilation cross-
section may play a non-trivial role [7} [8]. In partic-
ular, if the products of DM annihilation are heav-
ier than DM, their limited phase space truncates
the range of DM velocites over which the averaging
is performed. In such cases, the required value of
(0V)ann can be achieved if the non-thermal cross-
section is large to begin with. Since this type of
annihilation cannot proceed at zero temperature,
this class of models is referred to as “forbidden
dark matter”.

Currently, extensive DM searches through direct and
indirect detection, and collider production, target the
electroweak scale. These searches are usually comple-
mentary and capable of probing the mechanism under-
lying DM freezeout. While considerable attention has
been paid to phenomenological implications of semi-
annihilation, co-annihilation and resonant annihilation at
the weak scale, the same cannot be said for forbidden an-
nihilation. This is surprising, given that DM annihilation
to heavier states is a minimal deviation from standard
WIMP freezeout. In the quest of demystifying the na-
ture of DM, it is imperative to explore the full landscape



of abundance-setting mechanisms. The viability of the
forbidden mechanism at the electroweak scale, a scenario
that may be loosely described as forbidden WIMPs, is
the primary concern of this paper.

The rest of the paper is set up as follows. Sec. [[I] first
reviews the literature of forbidden DM models in order
to distinguish our work. It then deals with aspects of
building forbidden WIMP simplified models and shows
that the top quark portal is the only viable model if we
require Q,h? to be set primarily by a forbidden mecha-
nism. Constraints on top portal models and future search
sensitivities are studied in Sec. [[TT] Sec. [[V] provides some
discussions and concludes the paper.

II. MODEL-BUILDING ASPECTS
II.1. Literature Review

We begin by pointing out the principal difference be-
tween previous work on forbidden DM and our paper.
Whereas previous authors targeted indirect detection as
the main means of probing their models, our models cater
exclusively to colliders and direct detection experiments.
In the following we will expand on this statement.

Forbidden DM was studied in [9HII] in the context
of line signals in the sky. In this series of papers, the
SM gauge group was extended to include a U(1)" sector,
with its gauge boson Z’' mediating DM-SM interactions
through interactions with the top. For DM lighter than
the Z’ and top quark, annihilation into the correspond-
ing channels is suppressed, in turn quelling continuum
photon emission. This gives way to the domination of
line signals produced by, e.g., vy, vh,vZ final states from
diagrams involving loops of the top quark and/or new
fermion partners. When the DM relic density was com-
puted, it was by taking these final states into account;
the contribution from forbidden final states was not in-
cluded.

Forbidden DM was invoked again by the authors of [12]
to explain the (former) anomaly of the 130 GeV Fermi
line. A new vector-like fermion with mass > 130 GeV
was introduced as the state to which DM annihilated,
and a singlet pseudoscalar played the role of mediator.
The relic density was not considered.

More recently, Ref. [I3] re-introduced forbidden DM
into the literature; here, the final state of annihilation
is a massive dark photon, the gauge mediator of a hid-
den U(1)’ sector. Emphasis was laid on a new calcula-
tion of the relic density. Constraints on this model arise
from possible gauge kinetic mixing, mainly from beam
dump experiments and observations of the CMB and su-
pernovae cooling.

Our approach to forbidden DM will differ from these
models in several important respects:

(i) In keeping with minimality, we do not extend
the SM gauge group. Instead, we consider “sim-
plified models”, effective low-energy theories that

capture DM-SM interactions via dimension-4 La-
grangian terms [I4H25]. In these models the new
physics sector usually comprises of no more than
the DM state and a mediator. The DM is charged
odd under a Z, parity to ensure its stability. Cru-
cially, these models are highly sensitive to collider
and direct detection experiments through the cou-
plings of the mediator. For a recent review of sim-
plified models vis-a-vis LHC searches, see [23].

We will study two different classes of simplified
models, involving mediators either in the s- or t¢-
channel. These models are described in full detail

in Sec. [T

(ii) The DM abundance in our framework is set by
forbidden annihilation to Standard Model states.
In contrast, the abundance in [OHIT] was set
by allowed annihilations to (lighter-than-DM) SM
states. In the instances where forbidden annihila-
tion was considered, the abundance was not set to
the observed value. In [I2] and [I3], the annihila-
tion products were exotic particles.

Enforcing the condition that DM annihilate to SM
has two virtues. Since all the SM masses are known,
we are able to obtain a fair indication of where
the DM mass might lie. Secondly, by not allow-
ing DM to annihilate to mediator final states, we
insure communication between the dark and lumi-
nous sectors, which is crucial for probing the forbid-
den mechanism under the lampposts of LHC and
direct detection.

(iii) Thermally averaged forbidden cross-sections
are evaluated by integrating over the tail of
the DM wvelocity distribution, usually assumed
Maxwell-Boltzmann. Parametrically, (ov)ann ~
Cann €Xp(—kAM/T), where 0,p, is the unaveraged
cross-section, AM the mass deficit of DM w.r.t.
the final state and k a constant. In order to ob-
tain Eq. , a large o.nn is required to overcome
the exponential Boltzmann suppression. This was
achieved in [9HI2] with an s-channel mediator so
that the annihilation could transpire near a pole,
bolstering oann. In [13], Gann ~ a?/M? was en-
hanced by diminishing the mass scale of the dark
system M. A mediator lighter than 10 GeV was
considered, with focus on the MeV scale.

In our approach, we will tackle this issue by two
means. First, in simplified models with an s-
channel mediator, annihilation near a pole can
overcome Boltzmann suppression ¢ la [12]. Sec-
ond, in simplified models with a t-channel medi-
ator, where the interactions take the form £ D
A(SM)(DM)(mediator), the coupling A can be large
(> 1) as long as it is perturbative. This is legitimate
since simplified models are explicitly constructed
as effective low-energy theories; in fact, large cou-
plings were demonstrated to be a requisite for ob-



taining the correct relic density [14} [15], 24] and for
saturating collider bounds [I7]. Sizeable couplings
can then make the annihilation overcome Boltz-
mann suppression. This amounts to saying that
while [13] increased the ratio o?/M? by lowering
M, it is here accomplished by raising a.

Traditionally, (0v)ann in the forbidden set-up is com-
puted by weighting o.,, with the Maxwell-Boltzmann
distribution and carrying out a numerical integration
over v from the critical velocity to co. As earlier men-
tioned, Ref. [I3] proposed a new algorithm, taking ad-
vantage of the principles of unitarity and detailed bal-
ance. By this method, the forbidden cross-section may
be obtained by computing the cross-section of the re-
verse process, SM SM — DM DM. We will adopt it for
obtaining 2, h? throughout our paper. The details of the
computation are enlarged in Appendix [A]

I1.2. Simplified Forbidden WIMPs

We now turn to building simplified models for forbid-
den WIMPs. In principle, DM annihilation could pro-
ceed via some combination of forbidden and allowed pro-
cesses. That is, the sum of the final state masses could
be greater or smaller than the sum of the DM masses.
In this paper, we will restrict ourselves to a principally
forbidden WIMP, a WIMP whose allowed annihilation
channels are negligible. We say “principally”, because
the latter channels will always exist — annihilation to light
states through loops or three-body annihilations are usu-
ally unavoidable, though suppressed. Our object here is
construct a WIMP that is as forbidden as possible. We do
this to demonstrate that experiments are yet to rule out
the forbidden mechanism as the chief means of providing
the DM abundanceﬂ The constraints one can impose
on such a scenario then give a qualitative picture of a
case where forbidden channels dominate the annihilation
of DM. Since we demand SM annihilation channels, we
will now work through every massive SM particle and
check whether it qualifies as the portal to a principally
forbidden WIMP.

e FElectroweak bosons

It has been long known that a WIMP charged un-
der the electroweak gauge group and interacting
solely with the gauge bosons is ruled out by experi-
ment unless it mixes with an SM singlet [26]. Even
so, weak gauge boson final states are unsuitable
for our purpose, on the following grounds. Assum-
ing renormalizable interactions, it is easily checked
that any DM annihilation with ZZ (and possible

1 Forbidden WIMPs — aren’t.

WW) final states must have annihilations to light
fermions through an s-channel Z E|

This makes electroweak bosons ill-suited to our
ends.

e Higgs boson

DM interacting with the SM via a Higgs portal are
an attractive study for their phenomenological rich-
ness. For DM DM — hh to proceed via a forbid-
den mechanism, we need the DM to be lighter than
myp = 125 GeV by a few percent. In this range,
however, Higgs portal models that do not violate
parity are in tension with limits placed by LUX
and PandaX-IT on DM-nucleon scattering [27, 2§].
This is the main reason why we will not pursue for-
bidden WIMP model-building via the higgs portal.
A second reason may be given: as in the case of
annihilation to weak bosons, one finds that an an-
nihilation to Higgs bosons is always accompanied
by s-channel Higgs-mediated annihilations to other
SM states, in this case light fermions and (one or
more off-shell) gauge bosons. We remark however
that these channels are still suppressed due to the
smallness of the Higgs Yukawa couplings and phase
space respectively.

e Light fermions

If we expect forbidden DM to annihilate to the bot-
tom quark and/or lighter quarks and leptons, we
expect the mediator(s) to be in a mass range of
at most O(10 GeV) — heavier mediators would un-
duly suppress the annihilation. Moreover, to en-
hance the forbidden cross-section the DM-SM cou-
plings needed are usually large. For these mediator
masses and couplings, s-channel mediators would
have been observed as resonances in di-fermion fi-
nal states at colliders. Similarly, ¢-channel medi-
ators of mass < 104 GeV would have been seen

2 An even stronger argument can be given for non-renormalizable
interactions.  For concreteness, assume a scalar DM field
x that couples to the Z boson through the operator
exz|X|2 Zuv ZH [ A2, and that, through some tuning, the anal-
ogous operator involving photons vanishes at the relevant scale.
Assuming the coefficient ¢,z is O(1), the x-x-Z-Z coupling
(= Az) goes as p% /A2, where py is the Z momentum.
Since the DM mass must be mpy S my for viable forbid-
den annihilations, the Z velocity at freezeout should approxi-
mate the DM velocity, v ~ 0.3. Thus, py ~ mzv ~ 30 GeV.
For the validity of the contact interaction, Anew must be sep-
arated from myz by at least an order of magnitude, thus we
have A,z < (30 GeV/900 GeV)?2 ~ 10~3. From our usual intu-
ition about WIMPs, that the correct abundance for weak scale
particles is obtained with electroweak-size couplings, we may be
certain that such a feeble coupling as Az < 10~3 would, due
to suppressed annihilation, overclose the universe. If we demand
forbidden annihilation, (cv)ann is only further suppressed. These
arguments hold also for fermion DM. The only remedy here is to
boost (ov)ann by allowing for annihilations to lighter final states
such as the photon.



at LEP searches |29 [30] in missing energy signa-
tures. The lack of both these signals disfavors the
possibility of light fermions being our annihilation
products.

One potential exception to this argument is a DM
particle coupling to the right-handed bottom quark
via a colored mediator heavier than 104 GeV, evad-
ing LEP searches. We discuss this in more detail at
the end of Sec. The parameter space where
this scenario is viable is extremely small, and for
that reason we do not study it in this work.

e Top quark

At the moment, no searches have substantially ex-
cluded a top portal DM and its mediators. Hence
we can proceed to construct simplified models in-
volving it, with the proviso that flavor violations
are avoided. Note that even now, as stated in the
beginning of this section, we cannot expect the t-t
final state to contribute 100% to the WIMP an-
nihilation. Processes involving loops that give the
final states b-b, Zh,~y, gluon-gluon, etc. are al-
ways present. However, we find these to be highly
sub-dominant to the the ¢-f channel due to loop fac-
tors and/or momentum-dependent vertices. Three-
body final states such as tWb may also be at
play [11 BIH33], but are strongly phase-space sup-
pressed for the DM-top mass splittings we consider.
We will illustrate this further in Sec. [IL4l As we
will discuss shortly, in models with s-channel me-
diation, the imposition of Minimal Flavor Viola-
tion (MFV) leads to light quark channels. These
are nevertheless negligible in comparison to the top
quark channel due to their small Yukawa couplings.

III. TOP PORTAL FORBIDDEN WIMP

WIMPs can annihilate to top quark pairs via either an
s-channel or t-channel mediator, shown schematically in
Fig. The vertices in these diagrams capture all the
interactions relevant to our phenomenology; the exact
Lagrangians are provided in Appendix[B] In the t-channel
case the DM particle x _could either be spin-0 or spin-
1/2, and the mediator T is correspondingly spin-1/2 or
spin-0. On the other hand, the s-channel mediator a is
always assumed spin-0 because it couples to SM fermion
pairs. We do not consider vector DM and mediators in
this work, in keeping with our stance of not extending
the SM gauge group. A summary of the field content of
our models is provided in Table [}

Of immediate concern at this point are constraints
from flavor physics. The fields introduced in these mod-
els can potentially induce dangerous flavor violating pro-
cesses through loops. To mitigate such effects, we invoke
the principle of Minimal Flavor Violation (MFV) [34-
37 by which the flavor group is only broken by Yukawa

spurions. In the s-channel model, this means the singlet
mediator couples to SM fermions proportional to their
Higgs Yukawa strengths. The couplings to the down and
lepton sectors can be set to zero without offending MFV.
It was shown in Ref. [38] that even with MFV imposed,
significant limits from flavor physics are incurred for DM
lighter than 10 GeV. This is not of concern for us, since
our DM mass is a few GeV below the top quark. In the
t-channel model, one can imagine vertices analogous to
those in Fig. [I] involving two other generations of me-
diators. Then MFV implies these couplings are flavor-
diagonal such that every quark flavor communicates to
x via a unique mediator. The effects of the “up” and
“charm” mediator can then be decoupled by setting them
heavy. Alternatively, flavor violation may be avoided in
both models by assuming that the new physics couplings
are aligned with the Yukawa matrices such that, in the
mass basis, we are only left with couplings to the top
quark. The interesting possibility of DM, rather than
the mediator, charged under the top flavor has been con-
sidered in Ref. [39]. More general simplified models with
DM carrying flavor indices are explored in Refs. [40, [41].

The key difference between the mediators in our mod-
els is their Z; charge. From their interaction vertices
in Fig. [1} it can be seen that the s-channel (t-channel)
mediator must be charged Zo = +1(—1). Hence a

can potentially mix with the SM Higgs boson while T
has no mixing with the SM. Notice also the difference
in the number of free model parameters. In the first
case, four are needed: the DM and mediator masses
mpm and mygep, and the DM-DM-mediator and top-
antitop-mediator couplings A, and A;. The combination
A = /AtAy appears in all relevant cross-sections. More-
over, the decay width of the mediator, I'yjgp, usually
plays a non-trivial role in s-channel annihilation and col-
lider phenomenology. Consequently the four free param-
eters are traded for mpwm, mMMED, A = /A A and I'vgp.
In t-channel mediation, three parameters describe the
model: the DM and mediator masses mpyn and mygp,
and the DM-top-mediator coupling strength A. The final
difference between the scenarios is how they achieve the
right relic abundance: as mentioned in Sec. [[L.1] forbid-
den annihilation is possible through the mediator a due
to cross-section enhancement near a pole, and through
the mediator T" due to putatively large A.

On account of the differences detailed above, these two
scenarios will result in very different phenomenologies.
Hence we will consider each possibility separately in the
following subsections. Since our approach takes forbid-
den annihilation as the sole setter of DM abundance, we
will fix A using the observed €2, h* = 0.1197 when pre-
senting our constraints. This is done using the formulae
presented in Appendices [A] and and comparing with
MicrOmegas 4.3 [42] to double-check the result. This
method also allows all constraints to be shown in the
space of mediator mass versus DM mass. This is the
treatment of simplified DM models adopted by [14]. In
the following two sub-sections we will consider in more
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FIG. 1.

DM annihilation to top quarks can proceed via s-channel and ¢-channel processes. For the s-channel the \; vertex

restricts @ to be spin-0, whereas x can be spin-0 or spin-1/2, to avoid new sources of CP violation, we work with only spin-1/2
DM. For the t-channel the spin of T' (0 or 1/2) is fixed by that of x.

Spins
Field — SU(3). ® SU2)w @ U(1)y — Zy — t-channel — — s-channel
X (1,1,0) -1 1/2 0 1/2
T (3,1,2/3) -1 0 1/2
a (1,1,0) +1 0
Free parameters — X\, mpm, mMED — — A¢, Ay, MDM, MMED

TABLE I. Summary of the field content of our models.

FIG. 2. Example diagrams contributing to the monojet +
MET signal in the s-channel model. For a CP-odd a, this
cross-section is always higher than other channels like ¢-t and
b-b, yielding stricter bounds.

detail the s- and ¢-channel models, and the relevant phe-
nomenology.

III.1. s-channel mediator

Since we want x to annihilate to SM, we must ensure
that the channel yx — aa is closed. Therefore we im-
pose myEep > m;. The mediator @ can generically have
both scalar and pseudoscalar couplings to SM fermions,
which would explicitly violate CP and confront strict con-
straints from neutron EDM measurements. For this rea-
son, @ is usually taken to be a CP eigenstate (and all cou-
plings taken real). If we admit only CP-even couplings,
spin-independent direct detection limits nearly exclude
the space of our parameters. The only region spared is in
the neighborhood of mygp =~ 2m;, where resonant DM
annihilation allows A to be small. CP-odd couplings, on
the other hand, are well-shielded from spin-independent
direct detection searches [43] [44], leading to more inter-
esting phenomenology. Consequently, we will take a to
be a pure pseudoscalar. This choice restricts the spin of
our DM. If y is a scalar, its couplings to @ would intro-
duce a new source of large CP violation. Therefore, we
take x to be a Dirac fermion; the alternative choice of a
Majorana fermion would lead to similar results.

We now turn to the constraints on this model. The
strongest limits are placed by collider searches for mono-
jets and missing momentum [21], 45H50]. This signature
is generated by the production of @ and radiation of a
gluon, such as in the Feynman diagrams in Fig. 2] A
potentially competitive probe is tf + F, final states, but
as pointed out in [49)], is always weaker than the monojet
search when @ is CP-odd. A tt resonance via the one-loop
process gg — a — tt can modify top-pair production by
O(1%) [48], but is unlikely to be found at the LHC since
the theoretical uncertainty on the cross-section is already



s—channel model
DM: Dirac; mediator: pseudo-scalar
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FIG. 3. Limits on the s-channel model. The coupling A

is fixed here with the observed DM abundance; the brown
curves denote these contours of A\. The blank region is where
A > 1.12 and is thus non-perturbative; see the text for how
this bound is estimated. The area under the blue curve is
excluded at 95% C.L. by monojet searches at the 8 TeV LHC
with £ = 20 fb~*. The bands around the curve denote uncer-
tainties due to renormalization and factorization scales. The
area under the magenta curve is coverable by the 95% C.L.
projection limits provided by ATLAS for /s = 14 TeV and
£ = 3000 fb~!. On account of adopting an EFT treatment,
these monojet bounds are more stringent than true limits,
and may possibly not appear on this plot at all. See the text
for more details. In the region bounded by the dashed curves,
the determination of A by Taylor-expanding (ov)ann in v may
be inaccurate.

~ 5% [51]. A dijet resonance via the two-loop process
gg — a — gg is also possible, but again unresolvable due
to loop suppression [48]. The imposition of MFV implies
that the couplings of @ to the lighter quarks are sup-
pressed with respect to A; by factors of mg,/m;. There-
fore, they are beyond the sensitivity of LHC searches.
See also Ref. [52], which performs a sensitivity study of
the mediator in trying to determine its quantum spin
and CP properties. The introduction of the singlet me-
diator could have potentially given rise to mixing in the
Higgs sector, invoking limits from Higgs coupling mea-
surements at the LHC. However, by choosing a to be
CP-odd, mixing with the SM Higgs is pre-empted. Fi-
nally, no limits from direct detection experiments apply
to the region of parameters considered here since both
the spin-dependent and spin-independent cross-sections
generated are too small to be probed.

The limits are sketched in Fig. [3|on the mpyn — myED
plane. Here ) is fixed by requiring 2, h? = 0.1197. Con-

tours of A thus obtained are represented by brown curves.
There is a value of A above which the theory becomes
non-perturbative, which we estimate as follows. As men-
tioned in Appendix [B] the \;att vertex must arise from
a term such as cH¢Q3t°/A in the unbroken electroweak
phase, where ¢ is an O(1) coefficient, A is a new physics
scale and ¢ is a complex scalar containing a. The cou-
pling X; is then identified with ¢ - v/A, where v is the
Higgs vacuum expectation value. For the effective the-
ory to be valid, we require v/A to be at most ~ 1/10.
This fixes the maximum size of \;, namely 0.1. No such
constraint applies for Ay, which can take on its max-
imum allowable perturbative size of 4w. Together, we
obtain the upper bound A < /(0.1)(4w) ~ 1.12. The
blank region in Fig. |3|is where A > 1.12, becoming non-
perturbative and invalidating the effective theory. In the
range of paramaters shown, we varied I'ygp subject to
A = Ay, and find no observable effect on Q, k% (Ex-
pressions for I'yigp in terms of other model parameters
can be found in [23] 49].) Therefore, we do not present
constraints on I'ygp.

The blue curve denotes the 95% C.L. exclusion from
the CMS monojet + F1 search at /s = 8 TeV with £ =
20 fb~! [53]. We derive this curve by recasting the limits
obtained in [49], which had used an EFT description for
setting bounds: the DM-top interaction was assumed a
contact operator, with the mediator a integrated out.
The EFT suppression scale is given by

mtmi/IED e
AgrT = e .

The limit obtained was Agpr = 170 GeV. The common
renormalization and factorization scale in this analysis is

He = (\/mJFPT,jl) /2, where m,, is the x-x

invariant mass and pr j, is the pr of the hardest jet in
an event. The bands around the blue curve corresponds
to the theoretical uncertainty from varying this scale up
and down by a factor of 2. The range of uncertainty
thus obtained in the limits is Agpr € [160,185] GeV.
These bounds are conservative on account of assuming
a contact interaction between the DM and top. This is
best understood by inspecting the propagator in both the
full theory and the EFT treatment. If the full theory is
used, the cross-section is suppressed when the propagator
goes off-shell, which may happen for a tight cut on Fr.
On the contrary, in the EFT treatment, cutting hard
on Jr leads to a gross overestimate of the cross-section.
This happens because a tight cut on [, increases the
energy of the final state, or the energy running through
the loop, making it approach the suppression scale Agpr.
The EFT treatment then becomes inaccurate and does
not capture the suppression of production rates. See [46]
and [49] for studies on the differences between an EFT
approach and treating the mediator as an active degree
of freedom.

The bound in Fig. |3| was obtained by imposing . >
450 GeV [49). Therefore the propagator would have been



sent off-shell in the full theory and the cross-section di-
minished. This has had the effect of rendering the EFT
approach very crude. Consequently, any bound in the re-
gion myep < 450 GeV must be interpreted with extreme
caution, and the true limit remembered to be weaker. It
is entirely possible that the true bounds will not even
appear in our plot, i.e., in the ranges of parameters of
interest to us.

We also recast the future sensitivity of the monojet +
Fr search at /s =14 TeV and £ = 3000 fb™ !, keeping
with the EFT approach. This limit had been obtained
from an ATLAS sensitivity study for this energy and lu-
minosity [54]. We denote it by the magenta curve, which
corresponds to Agpr = 250 GeV. The renormalization
and factorization scale here is 2, and the scale uncer-
tainty was not presented in this case. We notice from
this plot that, even with the most optimistic reach of the
LHC, the parameter space of this model is not probed
well. One concludes that much room is left for the s-
channel forbidden WIMP scenario. One possibly better
means to probe the uncovered regions would be a fu-
ture 100 TeV collider. Whether monojet production or
t-t production would be the better probe can only be
answered with a detailed analysis involving well-chosen
cuts. Such an analysis is beyond our current scope. We
re-emphasize that, due to the EFT treatment, the reach
denoted by the magenta curve is merely an order-of-
magnitude estimate, and must be interpreted as an upper
limit on the actual reach.

Finally, a remark on the accuracy of the above limits
is in order. The Taylor expansion (o0)ann ~ a + b v?
may not be entirely valid close to the pole of the anni-
hilation. The discrepancy between naive analytical ap-
proximations and a full numerical treatment in comput-
ing (ov)ann near the pole is described in [7] and [8]. Here
“near the pole” means the region within about 10% of the
pole mass. We indicate this region with dashed lines in
Fig. [3] which encompasses mygp € [310, 390] GeVﬂ Our
estimate of A in this range is unreliable and smaller than
the actual value. The discrepancy between the Taylor
expansion and the full treatment grows starker with di-
minishing I'ygp /myep [7, 8], which can happen in our
scenario when mpy > 155 GeV and the decay mode
a — xx is absent. Fortunately, the area bounded by the
8 TeV monojet search does not fall within this region.

Taking into account the above limits and considera-
tions, we find that the allowed range of parameters cov-
ers almost the entire region where the perturbativity
bound A < 1.12 is imposed. Specifically, when pertur-
bative, the model is allowed to reside in the mass ranges

3 The resonant peak in the thermal cross-section with an s-channel
mediator is usually near twice the DM mass. In the case of
forbidden DM, it is near twice the mass of the final state. This
is because in forbidden DM phase space, most of the annihilation
comes from DM momenta near the annihilation threshold (which
in our case is 2m¢). In contrast, usual DM annihilation proceeds
mostly near zero DM momentum.

mpMm € [145,170] GeV and mygp € [175,725] GeV. As
one expects, the allowed range of DM masses is at its
largest in the “funnel region”, mygp ~ 2m;.

In the next sub-section we explore the viability and
limits of the forbidden mechanism with a t-channel me-
diator.

II1.2. t-channel mediator

Here we consider two models, one with a Majorana
fermion DM and a complex scalar mediator, and an-
other with a real scalar DM and Dirac fermion medi-
ator. To avoid confusion over terminology, we label
these models “tchFDM” and “tchSDM” respectively. In
tchFDM, the choice between Majorana and Dirac DM is
slight as far as annihilation goes. (The difference be-
comes important, however, when considering direct de-
tection. Dirac DM can scatter off a nucleus by Z ex-
change, which may be the dominant contribution to the
spin-independent cross-section. This does not happen in
Majorana DM, whose dominant scattering channels we
will discuss shortly.) As explained e.g. in [14], Majorana
DM annihilation picks up a chirality flip in the s-wave,
so that (ov)maj & (myf/mpm)?(0V)Dirac, Where my is
the mass of the annihilation products. Since in our case
my = my is close to mpw, the results for Majorana and
Dirac are found to be qualitatively the same. In tchSDM,
the dominant s-wave contribution is four times larger for
a real scalar DM than for a complex scalar DM. Since
the annihilation cross-section scales as A%, the couplings
are correspondingly only 4'/% ~ 1.4 times smaller in the
former case. Therefore no qualitative difference exists
between the use of a real and complex scalar for DM.

The constraints on these models come from collider
and direct DM detection experiments. Searches for top
superpartners (stops) can be directly recast to our sce-
nario. The relevant search here is for pair-production of
stops followed by decay to a pair of top quarks + Fr.
This signature applies to our model since at the LHC
our mediator, like the stop, is QCD-produced and de-
cays to top quark + DM. The case of the scalar mediator
of tchFDM is particularly interesting. In both tchFDM and
the MSSM, the top-flavored scalar is produced entirely
through QCD and the BR = 100%E| Hence, due to iden-
ticality of production and decay, the exclusion region for
the scalar mediator of tchFDM is congruent to that of the
top superpartner (for LSP masses that range in our DM
masses). However, the rate of the fermion mediator pro-
duction through QCD can be different in tchSDM, as we

4 This is not the case had other mediator flavors been present, e.g.,
the production of the first two generations of mediators would
involve processes with t-channel DM exchange, at variance with
similar processes of squark production because of the difference
in couplings.
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Limits on the t-channel models, with Majorana fermion (real scalar) DM on the left (right). The coupling A is

fixed with the observed DM abundance; the brown curves represent contours of this coupling. The blank region corresponds
to A > 3. The blue shaded regions are excluded at 90% C.L. by LUX, the gray shaded regions excluded at 90% C.L. by
PandaX-II, and the magenta curve denotes the 90% C.L. future sensitivity reach of XENONI1T. The red shaded regions are
excluded at 95% C.L. by top squark searches at the LHC; the dashed green curve on the left denotes the 50 reach projected by
ATLAS at /s = 14 TeV and £ = 3000 fb~*. The black dashed curves on the left encompass the 50 reach at /s = 13 TeV and
£ = 3000 fb™" claimed by the strategy presented in [64] for the “compressed region” of stops. For more details, see the text.

explain below. Therefore to set bounds, we first gener-

ate the mediator pair production process pp — 1T in
MadGraph5 [60] and obtain the production cross-sections
at leading order. Then we apply a K-factor of 1.5 (see
[68]) to obtain the NLO cross-section. Assuming similar

acceptances for the production of a stop pair and TT,
we compare our rates with the 95% C.L. exclusion cross-
sections provided in [59] and find the limits on mygp.
DM in tchSDM and tchFDM can scatter with nuclei
through gluon loops (see [55] for all the attendant Feyn-
man diagrams) Higgs-mediated loop diagrams, as de-
tailed in [56], contributing to spin-independent direct de-
tection rates. These limits are shown on the mpy —
myeD plane in Fig. 4l where the plot on the left (right)
corresponds to tchFDM (tchSDM). As in our treatment of
the s-channel model, we fix A throughout these plots by
the requirement 2, h?* = 0.1197 and denote these con-
tours of A with brown curves. The blank region in both
plots is where A > 3, violating perturbativity of the cou-
plingﬂ In the plot we require mygp > mpwm Since we

5 Here we obtain this value from a conservative perturbativity con-
dition: A?/(872) < 0.1. Furthermore, for A > 3, its rapid RG
running produces a Landau pole below a scale of 10 TeV, that
we wish to avoid.

require x to be the lightest field charged odd under Zs.
While nothing prevents mpy < muvep < My, we choose
to present limits in the region myep > my. This is the
range relevant to LHC searches in the 7" — x¢ channel; in
addition, the effects of co-annihilation between T and y
are mitigated by separating mygp and mpy. Although
co-annihilations are in principle allowed in our models,
we wish to focus solely on the effects of the forbidden
mechanism.

We now describe the various curves in Fig. The
red shaded region in both plots is ruled out at the 95%
C.L. limit by ATLAS stop searches at /s = 8 TeV with
£ =20 fb~! [57]. CMS sets similar bounds [58, 59]. We
now show that the future prospects of these models are
optimistic — most of the parameter space in the pertur-
bative region can be probed in upcoming LHC searches.
The region to the right of the dashed green curve in the
left-hand plot of Fig. 4| denotes the 50 discovery reach
at /s = 14 TeV and £ = 3000 fb~' as projected by
ATLAS in [6I]. This reach is provided in the projected
search combining 0-lepton and 1-lepton channels. The
other end of this reach is at a mass of mygp = 1400 GeV,
well outside our perturbative region. Projections in these
channels have also been made by CMS [62] but at a lower
luminosity of £ = 300 fb™!, due to which the reach does
not appear as optimistic as the prospects presented by



ATLAS. Since no analogous projection studies have been
provided for the fermionic mediator of tchSDM, we do not
provide their sensitivities.

Another interesting prospect for these models is to
hunt for the mediator in the “compressed” region near
mMED & mpum +m:. A strategy dedicated to compressed
stop searches was introduced in [63], [64], exploiting the
recoil of ISR jets against the F; seen in these paramet-
ric regions. In [64] the projected reach for a 5o discovery
by this strategy for top squarks at /s = 13 TeV and
£ = 3 ab ™! was presented. We show this on the left-hand
plot in the region flanked by the dashed black curves. The
technique can be seen to cover the compressed region all
the way down to myep = mpwm + m¢. Analogous sensi-
tivities for tchSDM were not presented, however we may
reasonably expect the same technique to cover the entire
compressed region again.

Finally, the blue and gray shaded regions in the two
plots are ruled out at the 90% C.L. limit by spin-
independent scattering cross-section bounds set by LUX
[65] and PandaX-II [66] respectively. The magenta curves
depict the future sensitivity (at 90% C.L. limit ) at the
XENONIT experiment [67] proposed to go live in the
year 2017.

We begin our discussion of the constraints with di-
rect detection. We find that, in the regions where our
bounds and sensitivities apply (mpm < my S mMED),
the gluon-mediated amplitude dominates over the Higgs-
mediated amplitude by about an order of magnitude. At
higher myep Higgs mediation dominates, because the
loop diagrams in this category contain fewer propagators
of the mediator and are hence less suppressed at high
mmueD. We found this behavigr by setting direct cou-
plings between the Higgs and T to zero, as this is a free
parameter we do not consider in our setup. We used
MicrOmegas to verify this behavior. Note that this result
differs from [56], where the Higgs-mediated diagrams al-
ways dominated. This may be because the Higgs—f—f
coupling there is non-zero, and the region explored was
mpwm > 200 GeV.

When we compare across the two plots, we notice a
difference: while only a small region in the perturba-
tive region of tchFDM is seen to be excluded by LUX,
a wider range (upto mygep =~ 350 GeV) is covered for
tchSDM. One understands this difference from the inter-
play between the annihilation and direct detection cross-
sections, as follows. By approximating mygp > m;, the
annihilation cross-section for both fermionic and scalar
DM can be parametrized as oann ~ A*md\/miypp- In
the DM-nucleon scattering cross-section, on the other
hand, there are two key differences between tchFDM and
tchSDM. First, consider the DM-DM-gluon-gluon effective
operators in the two models:

«
fwf)’cxgwg“”, for tchFDM, and

In %)ﬁgwg’“’, for tchSDM. (2)

The Wilson co-efficients fn scale as

mpm,/MaEp, for tchFDM, and
1/m3gp, for tchSDM.

The difference in the mass dimensions of the fy’s re-
flects the fact that fermionic and scalar DM fields have
different dimensions. More crucially, a factor of mpy
appears in the numerator of the fermion fy. This fac-
tor can be understood by the fact that loop level effects
(such as Eq. ) generated from a renomalizable the-
ory must respect the same symmetries as the underlying
theory. Here, the operator in the tchFDM case violates
chiral symmetry and therefore must vanish as mpy — 0
and chiral symmetry in the underlying theory is restored.
Second, the DM-nucleon scattering cross-section of scalar
DM is suppressed in the denominator by a factor of m#,,,
which is absent for fermion DM. This extra scaling arises
from the ratio of the matrix elements

<X|X2|X>scalar -~ 1
<X|>_<X|X>fermion mpwMm

The resulting spin-independent direct detection cross-
sections go as

4,4, 2
ferm A TUNTD)
os1 ™~ 3 )

MyED

4, 4

scal ~ A My
031 2 1 )
MpMmMMED

where my is the nucleon mass. These can be written as

TS ™ ~ Cannmiy /MyEp; 08T ~ Tanny /My - (3)
Since we fix the relic abundance to the observed value
throughout our plots, we can now write a direct compari-
son between the fermion and scalar DM scattering cross-
sections for a given combination of DM and mediator
mass: O'g’irm ~ Ugclal(mDM /myep)?. Hence tchFDM direct
detection rates are relatively suppressed, giving us weaker
bounds and less optimistic projections. Eq. also helps
one understand the shape of the curves in Fig.[dl We find
that the tchFDM bound falls quicker than tchSDM with re-
spect to mygp. This is due to the 1/mypp scaling of
oferm that is not seen in o5l

The collider limits are stronger for fermion mediator
pair production in tchSDM. This is because (a) fermions
have more spin degrees of freedom than scalars, (b) scalar
mediator production (¢ la stop production) in tchFDM is
suppressed by a momentum-dependent coupling in pro-
duction modes where a gluon mediates in the s-channel
and T mediates in the t-channel; this is absent in the
corresponding fermion mediator production process in
tchSDM. The larger production rates of the fermion medi-
ator results in two consequences: at the upper end of the
mass bound, the reach is higher, while at the lower end,
near the compressed region mygp ~ mpu, the fermion
mediator is able to better overcome the dwindling sig-
nal acceptance of the search. Hence we find that while



mmep € [380,690] GeV is excluded in tchFDM, the cor-
responding range is mymp € [310,920] GeV in tchSDM.
The latter is in good agreement with the recasting per-
formed by the authors of [68] for fermionic top partners
that are odd under a parity.

The Majorana DM model has a supersymmetric limit,
where x is a neutralino LSP of the MSSM, T is a top
squark. In this limit, the coupling A is of electroweak
strength and hence feeble. Therefore, it may naively pre-
clude forbidden annihilation of neutralino DM as a viable
option, but this can be circumvented with co-annihilation
effects. More discussion on co-annihilation and super-
symmetry is relegated to the final section of the paper,
Sec. V1

In Sec. we mentioned the possibility of a “bottom
portal” forbidden WIMP with a mediator evading LEP
bounds. Such a theory can be built in a manner analo-
gous to the models seen in thi~s sub;section, with tg — bR
and the t-channel mediator 7' — B. One then asks what
couplings and DM masses are possible in this scenario.
The heavier B is, the more inefficient is the annihilation,
and hence the stronger is the coupling and/or the more
degenerate is mpy with mpottom = 4.2 GeV, if we need
to achieve the correct DM abundance. To maximize the
forbidden annihilation cross-section, let us set the medi-
ator mass mp = 104 GeV, which is the edge of the LEP
limit [29] [30], and the coupling A = 3, its maximum per-
turbative size. If we now ask what value of mpy yields
the correct DM abundance, we find

4.0 GeV, for Majorana fermion DM,
3.95 GeV, for real scalar DM.

mpwm

mpwm

The above DM masses are the minimum required, since
larger mz and/or smaller A values reduce (ov)ann, com-
pelling mpy to move closer to Mpottom tO Overcome the
Boltzmann suppression. Thus the range of parameters
where this scenario is viable is very limited, and we do
not pursue it further.

II1.3. Indirect detection limits

Constraints on the present-day annihilation cross-
section of DM have been set by Fermi-LAT [69] by the
observation of 15 dwarf galaxies. For a thermal cross-
section (00)ann = 3 x 10726 c¢cm?® s7!, the 95% C.L.
limit is < 95 GeV in the b-b final state, which is the
strongest constraint. Our mpym D [145,170] GeV is
above this limit. Moreover the present-day forbidden an-
nihilation to top quark pairs is exponentially suppressed
as exp(—2(my — mpm)/Troday), Where Tioqay = 2.7 K.
This cross-section is several orders of magnitude below
3 x 10726 cm? 51,

There are kinematically “allowed” final states in our
models from loops, which include 7, g, Z and h. Ref. [I1]
considers these annihilation channels; their cross-sections
are enhanced by assuming an s-channel vector mediator
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near resonance, coupled strongly to a vector-like fermion
that mixes with the top quark. In regions where the DM
mass is close to the top quark’s, the relic density was not
calculated accounting for the forbidden mechanism. This
was because the focus of [I1] was to demonstrate the pos-
sibility of non-trivial indirect detection signals in a for-
bidden set-up. However, since our focus is on the relic
density, these “allowed” channels are always safe from
the bounds of [69]. One sees this by considering that our
DM freezeout was dictated by forbidden annihilation, in
comparison to which the light final state channels are
sub-dominant due to loop-suppression. This automati-
cally insures that the latter have a thermal cross-section
much smaller than 3 x 10726 cm?® s™!, and will therefore
never saturate the above bounds. In a similar manner,
the b-b final state from loops, as well as three-body anni-
hilations to such states as tWb, are also expected to be
unconstrained.

Fermi-LAT also sets constraints from searches for spec-
tral lines [70], which can be potentially of importance
to us since these searches are sensitive to sub-thermal
cross-sections in our range of mpy. These constraints
are presented as upper bounds in the cross-section of
the v final state. The contracted Navarro-Frenk-White
(NFWc) profile result gives the strongest limit, which can
be compared with the cross-section of xyxy — v+ X in
our models. We expect these rates to be suppressed due
to loop factors, electroweak couplings and the fact that
these channels proceed through a higher dimensional op-
erator involving at least one F),,. Indeed, we find in our
s-channel model that the Z~v cross-section falls at least
an order of magnitude short of the limits (the vy and
~vh cross-sections vanish due to CP conservation). In the
t-channel models the v+ X annihilations proceed via box
diagrams that involve lengthy and unwieldy calculations,
due to which we did not make an explicit comparison with
the limits. However, we expect the arguments above to
hold here, to yield cross-sections safe from Fermi-LAT’s
limits.

II1.4. Three-body final states

In presenting the limits on our models above, we as-
sumed that the thermal cross-section of the ¢t final state
overwhelms that of a three-body final state tWd;, where
d; is a down-sector quark. It is worthwhile to check the
accuracy of this assumption. It was found in [I1} BT [33]
that for DM masses mpm < my, the xx — tWb pro-
cess can have rates near thermal cross-sections for certain
model parameters. In these models the forbidden annihi-
lation to tf was neglected. In our case, at large ms-mpum
splittings it is possible that the Boltzmann exponential
suppression of annihilation to tf compares to the three-
body phase suppression of annihilation to tWb. Using
analytic expressions provided in [3I], and setting A = 1
and mygp = 180 GeV, we compute (ov).n, for tWb
production and plot it as a function of mpy in Fig.
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FIG. 5. A comparison of the thermal cross-sections of 2-

body (xx — tf) and the dominant 3-body (xx — tWb) fi-
nal states in our forbidden WIMP set-up. For illustration,
we have chosen the ¢t-channel model with fermionic DM and
A =1, mmep = 180 GeV. The results are similar for other
choices of models and parameters. In spite of the Boltzmann
exponential suppression of forbidden annihilation, the 2-body
process dominates over the phase space-suppressed 3-body an-
nihilation for mpwm > 145 GeV. This range happens to enclose
the region where our \ is perturbative (Figs. [B] [).

(the orange curve). For comparison we also plot the tt
thermal cross-section in green with the same parameters.
We have chosen the ¢t-channel model tchFDM for illustra-
tion. For mpy > 145 GeV, the two-body cross-section
dominates. For mpy > 150 GeV, the three-body rate
is about 10% or less, and has negligible impact on our
phenomenology. We have checked that this is true for all
combinations of A\, myep and models considered here.

Let us now inspect the implications of this finding
for our phenomenology. We have illustrated before that
mpym > 145 GeV encloses the region of our parame-
ters where A is perturbative. It follows that any sig-
nificant modification the three-body annihilations may
have on our experimental limits would be in the mass
range mpym € [145,150] GeV. Since an extra annihila-
tion channel is added, its effect is to decrease the \ re-
quired for obtaining the right abundance, hence leading
to weaker constraints. In Fig. [3] the region in the range
145 GeV < mpym < 150 GeV falls within the dashed
curves, where our estimation of A is already unreliable
due to the Taylor expansion. In the plots of Fig. [4] all
the area in the region 145 GeV < mpy < 150 GeV is al-
ready in the non-perturbative region. These observations
indicate that in the region where our constraints apply,
three-body final states may be neglected.

IV. DISCUSSION

In our work, after having gone through every SM state,
we settled on the top quark as the only remaining suitor
for a final state that contributes (almost) 100% to DM
annihilation via a forbidden mechanism at the weak scale
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and couples at the renormalizable level to the DM par-
ticle. And by demanding that DM annihilation be pre-
dominantly forbidden, we have obtained the tightest con-
straints possible for a forbidden WIMP. Even before im-
posing experimental limits, we find the bound from re-
quiring coupling constant perturbativity squeezing our
parameter space into a tight region. Specifically, in the
s-channel model, we are confined to DM masses between
145 GeV and 170 GeV, and mediator masses between 175
GeV and 725 GeV, with the least restrictive region near
the “funnel” at myep ~ 2my; in the t-channel models,
our DM masses could range between 150 GeV and 170
GeV, with the mediator masses between 175 GeV and
1000 GeV. Applying experimental limits, we find that (i)
the s-channel model is mostly unconstrained by monojet
searches at the LHC (see Fig.[3)), (ii) the ¢-channel models
are constrained to different extents depending on the spin
of dark matter. The model with fermionic DM (tchFDM)
is poorly bounded by DM direct detection experiments,
but excluded in the mediator mass range [380, 690] GeV
by ATLAS stop searches. The model with scalar DM
(tchSDM) is more constrained by PandaX-II and the AT-
LAS search — these probe the parameter space in com-
plementary regions and collectively exclude much of it,
except for a region near 250 GeV < mygp S 350 GeV
(see Fig. [4)).

Our bounds, however, may be relaxed if we also al-
lowed for more annihilations to SM states lighter than x,
which would diminish A and reflect in weaker limits from
collider and direct detection searches. There are several
ways to arrange this. For instance, one may allow for a
more general coupling structure that will allow x to an-
nihilate to lighter quarks of both up and down types, and
to leptons. In the ¢-channel models, one may still wish
to keep annihilations restricted to the third generation
in order to safeguard against direct detection limits, but
allow tree-level b-b final states by charging the mediator
T under SU(2)w. Forbidden final states involving weak
boson and Higgs final states may be accommodated if
x also partially annihilated to light fermions. All these
alterations would expose these models to experimental
probes not discussed here; we leave these avenues of study
for future work.

The limits given here may also be weakened if one
took into account the effects of co-annihilation. Were
MMED close to mpys in the t-channel models, the process
Tx — gluon + top would dominate the effective thermal
cross-section. New states that assist co-annihilation may
also be present. We may see this illustratively in a super-
symmetric context, our analogue of which is the model
tchFDM. Consider a bino LSP will all other electroweak-
inos decoupled. If one had a right-handed top squark
tr not much above in mass, and decoupled all other su-
perpartners, the bino would annihilate predominantly to
top quark pairs. If its mass were just below m;, only for-
bidden annihilation is possible. Given the bino couples
with hypercharge, this is an extremely inefficient process
and would result in an unacceptably large relic abun-



dance. But if we imagine in the spectrum the presence
of a gluino that is less than ~ 10% above the bino in
mass, co-annihilation may play a crucial role. The effi-
cient self-annihilation of the gluino would now depopu-
late the bino abundance, and may set the effective ther-
mal cross—sectiorﬂ In this way, forbidden annihilation
may be incorporated into supersymmetry models that
provide DM candidates. Here one might wonder if a
gluino with a mass near m; is already ruled out by hadron
collider experiments. However, the “compressed” nature
of the gluino-bino spectrum, begetting soft jets and sub-
dued MET, is unfriendly to the existing jets+ [ r-based
searches. See e.g., Ref. [T1], where various cuts were opti-
mized to recast Tevatron searches for a simplified gluino-
bino spectrum — one finds the region of bino mass < my
uncovered. To date, no dedicated search has been per-
formed for the spectrum of interest.

An intriguing possibility (in both supersymmetric and
non-supersymmetric contexts) is the forbidden annihila-
tion of DM through an s-channel mediator tempered by
co-annihilation with nearby states. If the mediator mass
were close to twice the DM mass, all three “exceptions”
outlined in [7] may be in action. That Nature may have
turned exceptions into a collective rule is an amusing sce-
nario warranting further study.

It is worth emphasizing a crucial phenomenological dif-
ference between the forbidden scenarios considered here
(annihilation to top quarks) and that of Ref. [I3] (an-
nihilation to dark photons). Forbidden WIMPs are only
very weakly limited by DM indirect detection due to sup-
pressed annihilation rates in the present day, whereas the
requirement of sizeable couplings for forbidden annihila-
tion makes them amenable to collider and direct detec-
tion probes. On the other hand, indirect detection con-
straints play a decisive role in [13] — when gauge kinetic
mixing is introduced, annihilations to light SM states
in the present day universe are possible. At the same
time, limits from direct detection and collider physics
are weak or non-existent. This is so because this model
is an example of a secluded WIMP [72]. The key con-
cept is that direct DM-SM couplings are suppressed but
the correct thermal cross-section is obtained by taking
mediators light; therefore collider and direct detections
limits are significantly weakened, whereas indirect detec-
tion signals become important. In this way, forbidden
WIMPs and secluded WIMPs are entirely contrasting
ideas. This is not to say that forbidden WIMPs may
never yield signals from the sky. Interesting prospects
in indirect detection can be raised in our models if DM
annihilates to new states that mix with the SM. As [72]
demonstrates, one may have annihilations to a U(1)" bo-
son (as in [I3]), or to a spin-0 mediator mixing with the

6 As another example, if we take an LSP that has wino and/or
higgsino content, the co-annihilation of the neutral components
of the SU(2)w multiplets with their corresponding charged com-
ponents may be balanced against the forbidden annihilation of
the LSP to heavier SM states.
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Higgs boson (possible in our s-channel model if @ is CP-
even) or even to a right-handed neutrino. In such cases,
one may also loosen the imposition of flavor structures
discussed in this work, allowing more freedom in the way
the mediators couple to multiple SM fields.

If the dark matter abundance is indeed set — in full or
part — by forbidden annihilation to SM states, it might
be argued that the DM mass appears to be tuned to fall
just short of the SM mass. Such spectral tuning is in-
evitable in forbidden WIMP models, and is somewhat
akin to the mass degeneracy seen in scenarios involving
co-annihilation, or to the careful arrangement of mass pa-
rameters that occasions resonant annihilation. Our spec-
trum is perhaps the low energy manifestation of a flavor
structure in the ultraviolet that is common to the dark
and SM sectors. In the t-channel models, the large sizes
of both the effective couplings and the top Yukawas sug-
gest the presence of some strong dynamics being respon-
sible for the near-degeneracy of the x-t system. These
hints encourage interesting model-building possibilities.

To conclude, forbidden annihilation is a freezeout sce-
nario that we hope will garner more attention than pri-
orly, from both theoretical and experimental communi-
ties wishing to constrain non-standard DM models. We
have shown that, even at the weak scale, such a mecha-
nism may be principally responsible for making DM as
abundant as observed. This was arranged with minimal
introduction of fields and parameters. If this mechanism
were in action at the weak scale, current collider and di-
rect detection experiments are perfectly poised to probe
it. We hope to have pointed the direction to a significant
stone to turn in the WIMP paradigm.
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Appendix A: Relic abundance calculation

In computing the relic density of forbidden WIMPs we
employ the prescription briefly laid out in [I3]. In what
follows we give a more explicit computation of (ov)ann
using ideas from [§].

Consider the process x1x2 — Y112, where x;(1;) are
DM (SM) states. Denoting by fi the phase space density
of a species k, the principle of detailed balance allows us
to write

eq
P2

eq feq

X1Jx2 fz? (Al)

where f,? is the corresponding fj, at equilibrium (thermal



and chemical). Then,

>/

spins

zz/

spins

DS 2
dP ¢ |MX1X241/)1¢2| f;? ;(21

dpé |MX1X2—>¢17/)2|2f$11f122 ) (A2)
where dP &Py, PPy, d*By, &y, with d°py

d*pr/((27)°2E}), 6 = (2m)*64 (py, +Dyo —Pyy —Py,) and
M is the process amplitude. The principle of unitarity
now gives us

>

spins

-5

spins

/d3ﬁ¢1d35¢2 4 |MX1X2—>1Z111Z12|2
/d?’ﬁibldgﬁwz 4 |M¢1¢2%X1X2|2 . (A3)

Moreover, the particle number densities are given by

nk:/gkfk

where gy is the number of internal degrees of freedom.
Notice that the LHS of Eq. (A3) is the quantity

d3pk

@m? (A4)

4 Ix19x2 F Ox1x2—91tba »

where

F= \/(le “Pxa)? = (M My, )?
The Mgller velocity is given by
v=(vy, — VX2|2 — vy % VX2|2)1/2 = F/(Ex,Ey,) -

For our purposes the Mgller velocity is nothing but the
relative velocity between the incident particles.

With the information above one now obtains a simple
relation between the process of interest and its reverse

by inserting Eqgs. (A3)) and (A4) into Eq. (A2):

<UU>X1X2—>1Z111[12 = <UU>1Z111/12—>X1X2 : (A5)

Applying this to yx — tf, we have

eq

2
n
<0-v>xx—>t{ = (éq) <Uv>tt_—>xx .
Ty

(A6)

The equilibrium number density for a non-relativistic
particle of mass my is gr(mpT/27)3/2 exp(—my,/T).
Defining the fractional mass deficit § (my —
mpwm)/mpum and x = mpy /T, we have

2
v = (2 o) 47y 320
(00) opni (g)< it (14 0) (A7)

X

Accounting for spin and color degeneracies, the degrees
of freedom number as g; = 2x 3 and g, = 1 (2) for scalar
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(fermion) DM. Thus the forbidden cross-section is expo-
nentially suppressed, as one would expect from averag-
ing over the tail of the Maxwell-Boltzmann distribution.
This result is consistent with the original prescription of
Griest and Seckel [7], where the thermal averaging was
performed by integration of the DM annihilation cross-
section over the range of DM velocities where annihila-
tions occu

Eq. can now be used to solve for the freezeout
condition by the usual approximations [8]. One assumes
here that the top quarks produced by DM annihilation
are in equilibrium with the thermal bath, which is reason-
able since the top is electrically charged. The task then
simplifies to computing (ov)s_y,, Taylor-expanded as
a + b v2. Appendix [B] provides expressions for the vari-
ous a and b. The relic abundance is then obtained as:

107 x10° GeV ™! zp 1
Mp Vs Lo + 3Ly /xp
where Mp; is the Planck mass, g, is the number of rel-

ativistic degrees of freedom and the freezeout value of z
is solved from

Q. h?

(A8)

§ 45 mDMMpl(Ia+61b/xF)
T3\/Gx\/TF '

4V 8
I, and I, capture the thermal history of DM before
freezeout:

TF __

o)
dz —26x
— e ,
X

* dx
3

I, =zp(1+ 5)3/

TF

I = 22%(1 + 5)3/ e 20 (A9)
TR

We end this section with two remarks. First, we com-
ment on the validity of the Taylor expansion a + b v2,
where v is the relative velocity of a top quark pair.
The cross-section times velocity, o47_,,,v, carries a phase
space factor |py|/my, and [P\ |* = (m7 —mdy) +miv?/4.
The expansion in v hence assumes (m? — m2,,) >
m2v?/4, or §(2+0)/(1+6) > v? /4. At the time of freeze-
out, v ~ 0.3, which means the expansion breaks down
for § < 0.025. This translates to mpy > 170 GeV, and
for this reason, we present constraints only for mpy <
170 GeV.

Second, we remark on the difference between the treat-
ment leading to Eq. for forbidden DM and the
usual procedure used in DM annihilation. DM is usu-
ally taken to annihilate to relativistic species, in which
case Eq. is not helpful. Specifically, the thermal
distribution of ¥; cannot be approximated by Maxwell-
Boltzmann statistics, and Fermi-Dirac or Bose-Einstein
statistics must be used instead, complicating the calcula-
tion of (00)y,py—y1x.- Lherefore, the Boltzmann equa-
tion is simplified using detailed balance and unitarity in

7 It was claimed in [L3] that the result of [7] had an incorrect factor
of 2, but we found no such discrepancy.



a way that eliminates all information about the annihi-
lation products ;:

— nSipd)

Nx1,2 + 3HnX1,2 = _<UU>ann(nX1nX2 X1'Xx2

From here the usual approximations of [8] proceed and
the relic density is obtained.

Appendix B: Formulae

We provide in this appendix formulae for the calcula-
tion of the thermal and direct detection cross-sections.
The formulae for a and b in the following (as given by
(0VYann = a + bv? + O(v?)) are to be used in Eq.
in order to obtain the forbidden relic abundance. The
spin-independent direct detection cross-section for dark
matter-nucleon scattering is given by

oxv = il P (B1)
where ppy is the y-nucleon reduced mass and fy the ef-
fective coupling obtained from nucleon matrix elements
of gluon operators. The expressions for fy for the vari-
ous dark matter candidates considered are provided be-
low. We give only the gluon-mediated contributions as
they dictate our constraints. For Higgs-mediated contri-
butions, see [56]. In the following, the number of QCD
colors N, = 3, the mass of the top quark is taken m;
174 GeV and r = (mpa/my)?.

1. s-channel mediator: Dirac dark matter

The Lagrangian (in 4-component notation) in the bro-
ken electroweak phase is given by

LD —mpuxx — 5 MMED®

— (iAyaxysXx + iMatyst + hee.) .

2

(B2)

Observe that the interaction of the mediator with top
quarks might arise in the unbroken phase from a term
such as

) %H(;S Qst¢ +he. |

where ¢ is a complex scalar containing the pseu-
doscalar mediator a.

a. Relic density

The Taylor co-efficients of (0v);7_,, to be used in
Eq. (A9) are given by

cr MNm2y/1—r

a =
p) —2\2 2 p)
27N, (myep — 4m2)? + e ™MuED

)

14

o T Atm?
167N, (mypp — 4m?)® + Dipp Ml
Mg (2 — 1) + 4m§ (2 — 3r)

VI-r

The factor ¢ = 1/2 for Dirac x, coming from the thermal
averaging. If we had chosen x Majorana instead, ¢y = 1.

. (B3)

2. t-channel mediator: fermionic dark matter

Assuming y to be a Majorana fermion, the masses and
relevant interactions are given by

1 2 ~
LD imDM(X2 +x ) — miyep|T|?

— ()\f*XtR + hC)

a. Relic density

. MNmZry1—7r
321 Ne(miygp + mi — miy)?
b Aim?
7687 No(mipp +m7 — my )1 —r
x[=2miEpmir(22 — 35r 4+ 13r2)
+migp (16 — 261 + 13r%)
+mi(r —1)3(16 — 10r + 13r2)] .

(B5)

We find Eq. (B5) in agreement with [T4].

b. Direct detection

Following [73], we obtain the effective coupling as

8
_mN?fTGfG

fn = (B6)

where m is the mass of the nucleon, frg is the mass
fraction of the gluon with values (taken from [73])

POt = 0,925, fReutTon = (.922 (B7)
and fq is the effective x-gluon coupling obtained by eval-
uating the gluon loop. It is separated into short- and

long-distance effects given as

)\2
——mpwm(fsp + ¢ fip),

o =350

(B8)
where ¢; = 1+ 11a(m¢)/4m is the QCD correction, taken
as 1. fsp and fip are evaluated as

(A — 6mFppm?) (migep + mi — M)

2.2
6A2m3ep

fsp = —



2 4
_2myppmy

A2 L,
A+ 12m2, . m?
fip = *% (B9)
+m§4EDm%(m§4ED +m; — ngM)L
A2 ’
with

A = mpy —2miy (mipp +m; )+ (miep —m; ) (B10)

and

2 2 2 e
1 mygptm;—mpy+VA
VA log (WZED+m?m2DMVA ’ A>0 ’

V12| 2) , A<O.

My pp T M —Mb
(B11)

2 —1
ﬁ tan

3. t-channel mediator: scalar dark matter

Taking x to be a real scalar, the relevant Lagrangian
is

1 1 ~ ~
LD— iszMXz — <2mMEDT2 + MWTtg + h.c.)

a. Relic density

B Mm2(1 - r)3/2
167 Ne(m3pp + mi — miy)?
MNm2y1 —7r
3847 No(mipp + mi — méy)*
X [_lez\AEDth(r —1)(r—38)
+mi(r —1)%*(r —8)

)

+miep (r + 8)] . (B12)
b. Direct detection
The effective coupling is given by
fy= (52 ) S g (B13)
N — 2mDM 9 TGJG »

where the frg’s are given in Eq. (B7) and the Wilson
coefficient [55] is

)\2
szg?(fa'i'fb'i'fc) ; (B14)
with
fo=— (=mPy +mi + 2mimp)
“ 6A
_ mimipp (M — mF + migp)
A2
_m%mﬁdED(m%M +mi — migp) I
A2 ’
fo = fo with m; < myED,
_ —mpy +mE iy mgmﬁdEDL
Je= 5A A ;
(B15)

where A and L are as defined in Egs. (B10)-(B11]).

[1] B. W. Lee and S. Weinberg, Phys. Rev. Lett. 39, 165
(1977).

2] P. A. R. Ade et al [Planck Collaboration],
arXiv:1502.01589 [astro-ph.CO.

[3] J. L. Feng and J. Kumar, Phys. Rev. Lett. 101, 231301
(2008) [arXiv:0803.4196 [hep-ph]].

[4] F. D’Eramo and J. Thaler, JHEP 1006, 109 (2010)
[arXiv:1003.5912 [hep-ph]].

[5] Y. Hochberg, E. Kuflik, T. Volansky and J. G. Wacker,
Phys. Rev. Lett. 113, 171301 (2014) [arXiv:1402.5143
[hep-ph]].

[6] Y. Hochberg, E. Kuflik, H. Murayama, T. Volansky and
J. G. Wacker, Phys. Rev. Lett. 115 (2015) no.2, 021301
[arXiv:1411.3727 [hep-ph]].

[7] K. Griest and D. Seckel, Phys. Rev. D 43, 3191 (1991).

15

[8] P. Gondolo and G. Gelmini, Nucl. Phys. B 360, 145
(1991).

[9] C.B. Jackson, G. Servant, G. Shaughnessy, T. M. P. Tait
and M. Taoso, JCAP 1004, 004 (2010) [arXiv:0912.0004
[hep-ph]].

[10] C. B. Jackson, G. Servant, G. Shaughnessy, T. M. P. Tait
and M. Taoso, JCAP 1307, 021 (2013) doi:10.1088/1475-
7516/2013/07/021 [arXiv:1302.1802 [hep-ph]].

[11] C. B. Jackson, G. Servant, G. Shaughnessy, T. M. P. Tait
and M. Taoso, JCAP 1307, 006 (2013) [arXiv:1303.4717
[hep-ph]].

[12] S. Tulin, H. B. Yu and K. M. Zurek, Phys. Rev. D 87,
no. 3, 036011 (2013) [arXiv:1208.0009 [hep-ph]].

[13] R. T. D’Agnolo and J. T. Ruderman, Phys. Rev. Lett.
115, no. 6, 061301 (2015) [arXiv:1505.07107 [hep-ph]].



[14] S. Chang, R. Edezhath, J. Hutchinson and M. Luty,
Phys. Rev. D 89, 015011 (2014) [arXiv:1307.8120 [hep-
ph]].

[15] H. An, L. T. Wang and H. Zhang, Phys. Rev. D 89,
115014 (2014) [arXiv:1308.0592 [hep-ph]].

[16] Y. Bai and J. Berger, JHEP 1311, 171 (2013)
[arXiv:1308.0612 [hep-ph]].
[17] A. DiFranzo, K. I. Nagao, A. Rajaraman and

T. M. P. Tait, JHEP 1311, 014 (2013) [arXiv:1308.2679
[hep-ph]].

[18] M. Papucci, A. Vichi and K. M. Zurek, JHEP 1411, 024
(2014) [arXiv:1402.2285 [hep-ph]].

[19] M. Garny, A. Ibarra, S. Rydbeck and S. Vogl, JHEP
1406, 169 (2014) [arXiv:1403.4634 [hep-ph]].

[20] J. Abdallah, A. Ashkenazi, A. Boveia, G. Busoni, A. De
Simone, C. Doglioni, A. Efrati and E. Etzion et al.,
arXiv:1409.2893 [hep-ph].

[21] M. R. Buckley, D. Feld and D. Goncalves, Phys. Rev. D
91, 015017 (2015) [arXiv:1410.6497 [hep-ph]].

[22] P. Harris, V. V. Khoze, M. Spannowsky and C. Williams,
Phys. Rev. D 91, 055009 (2015) [arXiv:1411.0535 [hep-
ph]].

[23] J. Abdallah et al., Phys. Dark Univ. 9-10, 8 (2015)
[arXiv:1506.03116 [hep-ph]].

[24] W. Altmannshofer, P. J. Fox, R. Harnik, G. D. Kribs
and N. Raj, Phys. Rev. D 91, no. 11, 115006 (2015)
[arXiv:1411.6743 [hep-ph]].

[25] M. J. Baker et al, JHEP 1512,
[arXiv:1510.03434 [hep-ph]].

[26] T. Cohen, J. Kearney, A. Pierce and D. Tucker-Smith,
Phys. Rev. D 85, 075003 (2012) [arXiv:1109.2604 [hep-
ph]].

[27] L. Lopez-Honorez, T. Schwetz and J. Zupan, Phys. Lett.
B 716, 179 (2012) [arXiv:1203.2064 [hep-ph]].

[28] N. Craig, H. K. Lou, M. McCullough and A. Thalapillil,
JHEP 1602, 127 (2016) [arXiv:1412.0258 [hep-ph]].

[29] http://lepsusy.web.cern.ch/lepsusy/www/inos_
moriondOl/charginos_pub .html

[30] http://lepsusy.web.cern.ch/lepsusy/www/sleptons_
summer04/slep_final.html

[31] X. L. Chen and M. Kamionkowski, JHEP 9807, 001
(1998) [hep-ph/9805383].

[32] Y. Hosotani, P. Ko and M. Tanaka, Phys. Lett. B 680,
179 (2009) [arXiv:0908.0212 [hep-ph]].

[33] C. E. Yaguna, Phys. Rev. D 81,
[arXiv:1003.2730 [hep-ph]].

[34] L. J. Hall and L. Randall, Phys. Rev. Lett. 65, 2939
(1990).

[35] R. S. Chivukula and H. Georgi, Phys. Lett. B 188, 99
(1987).

[36] A. J. Buras, P. Gambino, M. Gorbahn, S. Jager and
L. Silvestrini, Phys. Lett. B 500, 161 (2001) [hep-
ph/0007085].

[37] G. D’Ambrosio, G. F. Giudice, G. Isidori and A. Strumia,
Nucl. Phys. B 645, 155 (2002) [hep-ph/0207036).

[38] M. J. Dolan, F. Kahlhoefer, C. McCabe and K. Schmidt-
Hoberg, JHEP 1503, 171 (2015) Erratum: [JHEP 1507,
103 (2015)] [arXiv:1412.5174 [hep-ph]].

[39] C. Kilic, M. D. Klimek and J. H. Yu, Phys. Rev. D 91,
no. 5, 054036 (2015) [arXiv:1501.02202 [hep-ph]].

[40] J. Kile and A. Soni, Phys. Rev. D 84, 035016 (2011)
[arXiv:1104.5239 [hep-ph]].

[41] P. Agrawal, S. Blanchet, Z.
C. Kilic, Phys. Rev. D 86,

120 (2015)

075024 (2010)

Chacko
055002

and
(2012)

16

doi:10.1103 /PhysRevD.86.055002
[hep-ph]].

[42] G. Belanger, F. Boudjema, A. Pukhov and A. Semenov,
arXiv:1305.0237 [hep-ph].

[43] M. Freytsis and Z. Ligeti, Phys. Rev. D 83, 115009 (2011)
[arXiv:1012.5317 [hep-ph]].

[44] K. R. Dienes, J. Kumar, B. Thomas and D. Yaylali, Phys.
Rev. D 90, no. 1, 015012 (2014) [arXiv:1312.7772 [hep-
ph]].

[45] U. Haisch, F. Kahlhoefer and J. Unwin, JHEP 1307, 125
(2013) [arXiv:1208.4605 [hep-ph]].

[46] P. J. Fox and C. Williams, Phys. Rev. D 87, no. 5, 054030
(2013) [arXiv:1211.6390 [hep-ph]].

[47] T. Lin, E. W. Kolb and L. T. Wang, Phys. Rev. D 88,
no. 6, 063510 (2013) [arXiv:1303.6638 [hep-ph]].

[48] U. Haisch, A. Hibbs and E. Re, Phys. Rev. D 89, 034009
(2014) [arXiv:1311.7131 [hep-ph]].

[49] U. Haisch and E. Re, JHEP 15086,
[arXiv:1503.00691 [hep-ph]].

[50] C. Arina et al., [arXiv:1605.09242 [hep-ph]].

[61] M. Czakon, P. Fiedler and A. Mitov, Phys. Rev. Lett.
110, 252004 (2013) [arXiv:1303.6254 [hep-ph]].

[52] M. J. Dolan, M. Spannowsky, Q. Wang and Z. H. Yu,
Phys. Rev. D 94, no. 1, 015025 (2016) [arXiv:1606.00019
[hep-ph]].

[63] V. Khachatryan et al. [CMS Collaboration], Eur. Phys.
J. C 75, no. 5, 235 (2015)

[64] ATLAS publication, ATL-PHYS-PUB-2013-011.

[65] J. Hisano, R. Nagai and N. Nagata, JHEP 1505, 037
(2015) [arXiv:1502.02244 [hep-ph]].

[arXiv:1109.3516

078 (2015)

[56] A. Ibarra, A. Pierce, N. R. Shah and S. Vogl,
Phys. Rev. D 91, no. 9, 095018  (2015)
doi:10.1103 /PhysRevD.91.095018 [arXiv:1501.03164
[hep-ph]].

[67] G. Aad et al. [ATLAS Collaboration], Eur. Phys. J. C
75, no. 10, 510 (2015) Erratum: [Eur. Phys. J. C 76, no.
3, 153 (2016)] [arXiv:1506.08616 [hep-ex]].

[68] V. Khachatryan et al. [CMS Collaboration], JHEP 1506,
116 (2015) [arXiv:1503.08037 [hep-ex]]

[59] CMS Collaboration [CMS Collaboration|, CMS-PAS-
SUS-14-011.

[60] J. Alwall et al., JHEP 1407, 079 (2014) [arXiv:1405.0301
[hep-ph]].

[61] ATL-PHYS-PUB-2013-011

[62] [CMS Collaboration], arXiv:1307.7135.

[63] K. Hagiwara and T. Yamada, Phys. Rev. D 91,
no. 9, 094007 (2015) doi:10.1103/PhysRevD.91.094007
[arXiv:1307.1553 [hep-ph]].

[64] H. An and L. T. Wang, Phys. Rev. Lett. 115, 181602
(2015) [arXiv:1506.00653 [hep-ph]].

[65] D. S. Akerib et al. [LUX Collaboration], Phys. Rev. Lett.
112, 091303 (2014) [arXiv:1310.8214 [astro-ph.CO]].

[66] A. Tan et al [PandaX-II ~ Collaboration],
arXiv:1607.07400 [hep-ex].

[67] XENONIT collaboration Collaboration, E. Aprile,
The XENONIT Dark Matter Search FExperiment,
arXiv:1206.6288

[68] A. Anandakrishnan, J. H. Collins, M. Farina, E. Kuflik
and M. Perelstein, Phys. Rev. D 93, no. 7, 075009 (2016)
[arXiv:1506.05130 [hep-ph]].

[69] M. Ackermann et al. [Fermi-LAT Collaboration], Phys.
Rev. D 89, 042001 (2014) [arXiv:1310.0828 [astro-
ph.HE]].

[70] M. Ackermann et al. [Fermi-LAT Collaboration], Phys.


http://lepsusy.web.cern.ch/lepsusy/www/inos_moriond01/charginos_pub.html
http://lepsusy.web.cern.ch/lepsusy/www/inos_moriond01/charginos_pub.html
http://lepsusy.web.cern.ch/lepsusy/www/sleptons_summer04/slep_final.html
http://lepsusy.web.cern.ch/lepsusy/www/sleptons_summer04/slep_final.html

Rev. D 88, 082002 (2013) [arXiv:1305.5597 [astro- [72] M. Pospelov, A. Ritz and M. B. Voloshin, Phys. Lett. B

ph.HE]). 662, 53 (2008) [arXiv:0711.4866 [hep-ph]].
[71] J. Alwall, M. P. Le, M. Lisanti and J. G. Wacker, Phys. [73] J. Hisano, K. Ishiwata and N. Nagata, Phys. Rev. D 82,
Lett. B 666, 34 (2008) [arXiv:0803.0019 [hep-ph]]. 115007 (2010) [arXiv:1007.2601 [hep-ph]].

17



	 Forbidden Dark Matter at the Weak Scale via the Top Portal 
	Abstract
	Introduction
	Model-Building Aspects
	Literature Review
	Simplified Forbidden WIMPs

	Top Portal Forbidden WIMP
	s-channel mediator
	t-channel mediator
	Indirect detection limits
	Three-body final states

	Discussion
	Acknowledgments
	Relic abundance calculation
	Formulae
	s-channel mediator: Dirac dark matter
	Relic density

	t-channel mediator: fermionic dark matter
	Relic density
	Direct detection

	t-channel mediator: scalar dark matter
	Relic density
	Direct detection


	References


