
Vectorlike leptons as the tip of the dark matter iceberg

James Halverson
Kavli Institute for Theoretical Physics, University of California,

Santa Barbara, California 93106-4030, USA

Nicholas Orlofsky and Aaron Pierce
Michigan Center for Theoretical Physics (MCTP), Department of Physics,

University of Michigan, Ann Arbor, Michigan 48109-1040, USA
(Received 20 May 2014; published 2 July 2014)

A vectorlike lepton could make up a tiny fraction of the dark matter. Its large Z-boson mediated direct
detection cross section can compensate for the small relic abundance, giving rise to an interesting signal at
future experiments—perhaps even the first one detected. We discuss how such a scenario might arise in the
context of a simple nonthermal cosmology and investigate bounds from direct detection experiments and
whether this scenario might be probed at the LHC. Searches for disappearing tracks appear promising.
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I. INTRODUCTION

A well-motivated and minimal possibility is that dark
matter (DM) interactions in direct detection experiments
are mediated by force carriers of the standard model: the
Z-boson or the Higgs boson. The Z-boson gives a spin-
independent (SI) dark matter-nucleon scattering cross
section σSI ≈ 10−38 cm2 for masses ∼100 GeV. With
bounds at this mass approaching 10−45 cm2 [1,2], it at
first seems counterproductive to consider dark matter with
full strength couplings to the Z. Indeed, the canonical
approach is to forbid the Z-mediated operator relevant for
SI scatteringOZ ¼ ðq̄γμqÞðX̄γμXÞ, e.g., by making the dark
matter Majorana. (In this case, Higgs boson exchange may
yield direct detection cross sections close to the typical
bounds, see e.g. [3,4]).
However, it is only necessary to forbid this operator if the

relic makes up the entirety of the dark matter. A relic may
comprise a miniscule fraction of the dark matter, but its
enormous direct detection scattering cross section can lead
to an interesting signal [See [5] for related work on
detecting a subdominant component of the DM in the
context of the minimal supersymmetric standard model
(MSSM)]. We will see that dilution by the necessary
amount is possible in simple cosmologies. We briefly
discuss ways in which such a particle—which could be
the first discovery at direct detection experiments—might
be disentangled from the dominant dark matter using
information from both colliders and direct detection.
As a concrete example, consider the addition of a

vectorlike pair of doublets X, X̄ to the MSSM. What mass
scale might we expect for these doublets? Some mechanism
must generate a mass μ for the Higgsinos of the MSSM.
Whether this is the Giudice-Masiero mechanism [6], the
vacuum expectation value of a singlet (as in the next-to
minimal supersymmetric standard model [7]), or a D-brane

instanton [8], it is plausible that whatever generates μ
would also generate a mass μX at the same scale.
Naturalness arguments then indicate a μ ∼ μX ∼
100 GeV–1 TeV. If X, X̄ have an unbroken X → −X
symmetry, the Dirac fermion will comprise a component
of the dark matter. Because it is Dirac, it has full-strength
direct detection cross section per nucleon, e.g. [9,10]:

σ ≈
G2

F

2π
μ2XN

1

A2
½ð1 − 4sin2θWÞZ − ðA − ZÞ�2; ð1Þ

where μXN is the dark matter-nucleon reduced mass.
Another potential motivation for novel vectorlike dou-

blets arises via string theory. There Ref. [11] has shown that
there exist additional constraints on the chiral spectrum of
SU(2) gauge theories which ensure anomaly cancellation in
nucleated D-brane theories. These constraints go beyond
standard anomaly cancellation in the SU(2) theories and
can require the existence of electroweak exotics; see [12]
for particle physics implications. In weakly coupled ori-
entifold compactifications, doublet quantum numbers for
the exotics are a likely possibility. The exotic states arise
from open strings; this selects out SU(2) singlets, doublets,
and triplets as the only possibilities. If one further requires
that one end of the open string ends on a D-brane
corresponding to a novel symmetry (perhaps related to
the stability of the X), then doublet quantum numbers are
uniquely selected. A string scale mass term for the doublets
is forbidden by symmetry, rendering their presence at the
TeV scale even more plausible. If the low energy theory is
the standard model plus these exotics, gauge couplings
approximately unify at 1014 GeV [13,14].
We will work under the assumption that a new Dirac

SU(2) doublet X exists in the 100 GeV to 1 TeV range. We
address implications for direct detection experiments
and sketch how the dilution necessary to bring it into
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compliance with experimental bounds might be accom-
plished in a simple nonthermal cosmology. Finally, we
discuss prospects for probing such a doublet at the LHC.

II. DIRECT DETECTION AND COSMOLOGY

We have used MicrOMEGAs [15] to calculate the spin-
independent cross section of X and verified that it is
consistent with Eq. (1). We also used it to calculate the
X relic abundance assuming a standard thermal freeze-out.
It is well approximated by ΩXh2 ≃ 0.1ð μ

1 TeVÞ2 [16]. An X
produced with a standard thermal history is well excluded
by current direct detection bounds. To evade current bounds
from the DM direct detection experiment LUX [1], X
with μX ¼ 100 GeV (1 TeV) must have a tiny relic
density ΩX=Ωcdm ≲ 5 × 10−7 (4 × 10−6), where Ωcdmh2 ¼
0.1199� 0.0027 [17].
One possibility is to simply declare a smaller relic

abundance by fiat. Indeed, we could imagine that there
is thermal freeze-out with a subsequent dilution by e.g. late
time inflation. Interestingly, however, the maximum dilu-
tion is limited if the baryon number is generated before this
dilution. Even if the baryon asymmetry proceeds by an
extraordinarily efficient mechanism like Affleck-Dine
(for a review see [18]), where the baryon to photon ratio
could be as large as Oð1Þ, consistency with the current
ratio imposes a maximum dilution factor of 109 [19]. Then,
the dark matter densities would range from Ωdilh2 ≈
10−12–10−10 for μX ¼ 100–1000 GeV. But given the large
direct detection cross sections, it should be possible to
probe relic abundances of Ωdilh2 ≈ 5 × 10−11–10−11 with-
out running afoul of the neutrino background [20]. A 1 ton
Xe experiment might be sensitive to relic densities perhaps
a hundred times these; therefore, it is possible to almost
completely probe this scenario of arbitrary dilution. We
explore a perhaps better motivated possibility below, where
we discuss a more concrete cosmology. In that case, the
relic abundance is expected to be less diluted, and therefore
the likelihood of direct detection is even greater.
This model gives a characteristic material dependence at

direct detection experiments. The ratio of measured cross
section per nucleon at experiments composed of Xenon,
Germanium, and Argon would be 1∶0.89∶0.86. Observing
the deviation of these ratios from unity will be challenging
but would be powerful evidence for this scenario. Also, if
the mass is close to 100 GeV, it is possible to make a
determination of the X mass via an examination of the
recoil spectrum, e.g., [21]. This mass could then be
correlated with collider discoveries, see below.

A. Nonthermal production via modulus decay

The late decay of a scalar field ϕ can modify the dark
matter relic abundance. This occurs if the energy density of
the universe becomes ϕ-dominated until the time of ϕ
decay, which can then both produce dark matter and
provide substantial entropy generation as it reheats the

universe to a temperature TRH. Such cosmologies are well-
motivated in string compactifications, which typically
contain many light scalar fields in the form of stabilized
moduli. Another possible motivation is supersymmetric
axion models—the saxion could play the role of ϕ and the
axion and lightest neutralino or axino could make up (some
or all of) the remaining dark matter [22].
TRH is model dependent, but it is bounded by phenom-

enological requirements. First, to ensure that the successful
predictions of big bang nucleosynthesis (BBN) are not
spoiled, TRH ≳ TBBN ≃ 5 MeV [23]. Second, to accommo-
date an alternative production mechanism, it must be below
the thermal freeze-out temperature, TRH ≲ Tfo ≃ μX=20.
We will see that consistency with direct detection bounds
will place further limits on TRH.
TRH is determined by the decay rate Γϕ ¼ c2ϕm

3
ϕ=M

2
P

(perhaps arising from an operator like ϕG ~G). Under the
assumption that ϕ decay and the subsequent thermalization
are instantaneous:

TRH ¼
��

8

90
π3g⋆

�
−1=2

MPΓϕ

�
1=2

≃ 10cϕ

�
mϕ

100 TeV

�
3=2

MeV; ð2Þ
where cϕ is a presumably Oð1Þ constant computable in
specific models.
The X relic abundance ΩXh2 depends on TRH and b, the

number of dark matter particles produced per ϕ decay. In
the Boltzmann equations, only the combination b=mϕ

appears [23]; accordingly, we will employ the dimension-
less parameter η≡ bð100 TeV=mϕÞ. If the ϕ branching
ratio to X is very small or zero, the X relic density is set by
thermal production and freeze-out followed by its dilution
via the entropy produced in ϕ decays. Since the X
interaction cross section is large enough to reach chemical
equilibrium prior to freeze-out, the (diluted) thermal relic
density is parametrized by [23,24],

ΩX ≃ T3
RHTfo

ðTnew
fo Þ4Ωstd ≃

�
TRH

Tfo

�
4

Ωstd; ðη tinyÞ; ð3Þ

where Ωstd is the X relic abundance assuming a standard
thermal history (i.e., TRH > Tfo).
On the other hand, ηmay be large enough for nonthermal

production to dominate over thermal production. Since
direct detection bounds require that the relic abundance be
much less than the standard thermal abundance, η must
nonetheless be small. Thus, nonthermal production will not
be compensated by annihilations. In this regime [23],

ΩX

Ωcdm
≃2×103η

�
μX

100GeV

��
TRH

MeV

�
; ðη smallÞ: ð4Þ

Using the sum of expressions (3) and (4) (a good
approximation to the numerical solution in this small-η
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regime when TRH is not too close to Tfo) and assuming
Tfo ≃ μX=25 (in good agreement with MicrOMEGAs and
with numerical solutions in [23]), the relic density for μX ¼
100 GeV is plotted as a function of TRH for various values
of η in Fig. 1, see also Ref. [23]. Also shown are current
bounds from LUX [1] and BBN as well as prospective
bounds from a ton-scale Xe experiment [25].
Figure 1 indicates that bounds from LUX require

η≲ 10−10. This is approximately true for any value of μX >
100 GeV because the LUX bound on σSI ∝ μX, ΩX ∝ ημX
from (4), and the cross section (1) is approximately
constant with respect to μX.
Such small values of η require that the Yukawa coupling

which determines Γϕ→XX is very small. Is it reasonable to
expect such suppression? If ϕ is uncharged under the
Peccei-Quinn-like symmetry protecting μX, then the bare
operator ϕXX̄ is forbidden. However, the effect which
generates μX will typically also give rise to an effective
Yukawa coupling which is μX

MP
suppressed. For example, if

μX is generated via singlet expectation value via a coupling
sXX̄, then the invariant coupling 1

MP
ϕsXX̄ gives an

effective Yukawa hsi
MP

ϕXX̄ with hsi≃ μX.[26] accordingly
parametrize the effective Yukawa coupling as cX

μX
MP

, giving,

ΓϕXX ¼ mϕ

4π

�
cX

μX
MP

�
2

⇒ b ¼ 1

2π

�
cX
cϕ

μX
mϕ

�
2

: ð5Þ

Here, ΓϕXX is the width to both X0X̄0 and XþX−.
The present constraints on cX are shown in Fig. 2. Using

Eqs. (4) and (5):

ΩX

Ωcdm
≃ c2X

10π

�
μX

100 GeV

�
3
�
MeV
TRH

�
: ð6Þ

This equation determines the upper boundary of the shaded
regions. The left boundary is set by BBN: TRH ≳ TBBN ≃
5 MeV. The right boundary occurs when Eq. (3) is
sufficient to violate (present or future) direct detection
bounds.
Absent additional model building, we expect a number

ofOð1Þ contributions to cX, so the stringent direct detection
bounds already necessitate tuning at the few percent level.
The most favored cX region is the one where the relic lies
just outside current bounds in Fig. 2.
The above assumes a single late-decaying modulus.

However, string compactifications often contain Oð100Þ
moduli. For the case of many moduli, the details of the
evolution of the dark matter density depend on the initial
abundances of the moduli. The single-modulus case is a
good approximation to the many-moduli case under the
assumption that one modulus ϕi dominates the energy
density of the universe before it decays, and that no other
modulus comes to dominate the energy density any time
after ϕi decays. Otherwise, several moduli may contribute
to the nonthermal production of dark matter. Additionally,
decays of the later moduli might dilute contributions from
earlier moduli.

III. COLLIDER PHENOMENOLOGY

The strongest current collider bound on the SU(2)
doublet comes from LEP2, which bounds μX ≳ 95 GeV
[27]. We present the prospects for LHC14 in the monojet
and disappearing track channels. [28]

A. Monojetþ ET

The mass splitting between the X� and X0 particles for
mass μX ¼ 100 ð200Þ GeV is δm≃ 256 ð295Þ MeV. This
is a finite, calculable effect due to electroweak symmetry
breaking [30]. With these splittings, the X� decay promptly

FIG. 1 (color online). Relic density as a function of TRH for
various values of η for μX ¼ 100 GeV. The solid lines correspond
to, from top to bottom, η ¼ 10−10 (orange), 10−12 (blue), 10−14

(purple), and 10−16 (gray). The horizontal dashed lines corre-
spond to the maximum allowed relic density to evade current
LUX (top) and prospective Xe1T (bottom) bounds. The vertical
dashed line represents the cutoff of allowable TRH due to BBN.

FIG. 2 (color online). Allowed regions (shaded) of cX for μX ¼
100 GeV from current LUX (blue solid) and prospective Xe1T
(red dashed) bounds and for μX ¼ 1 TeV from current LUX
(yellow dotted) and prospective Xe1T (green dot-dashed)
bounds.
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into X0 þ invisibly soft π�; e�ν, or μ�ν. Charged and
neutral doublet particles will appear as missing energy in
the detector. The most recent results for this channel are
from ATLAS [31] and CMS [32].
To estimate signal and background, we use MADGRAPH5

[33], pass to PYTHIA [34] for MLM matching [35,36],
showering, and hadronization, and use PGS [37] for
detector simulation, using an anti-kt jet clustering algo-
rithm with R ¼ :5. Simulated parton-level events include
one or two jets. We simulate the dominant backgrounds
jðjÞ þ ðZ → νν; W → lν; or W → τνÞ, with l ¼ e; μ; the
signal has jðjÞþðX0X̄0;XþX0;X−X̄0;orXþX−Þ. Following
[31], we apply the following cuts: (i) pTðj1Þ > pcut

T and
jηðj1Þj < 2, (ii) ET > pcut

T , (iii) no more than 2 jets with
pT > 30 GeV and jηj < 4.5, (iv) Δϕðj2; ETÞ > :5, (v) lep-
ton vetoes: pTðeÞ>20GeV and jηðeÞj<2.47, pTðμÞ >
7 GeV and jηðμÞj<2.5, or pTðτÞ>20GeV and jηðτÞj<
2.3, and (vi) veto on b-jets.
The significance can be found using

χ2 ¼ S2

Sþ Bþ σ2B
: ð7Þ

Its square root gives the significance. We parametrize the
background uncertainty as σB ¼ βtotB, remaining agnostic
about where the uncertainties originate [38].
Taking L ¼ 3000 fb−1, we present significances in

Table I assuming that βtot can be made to be either .03
or .01 at pcut

T ¼ 500 GeV. For comparison, ATLAS and
CMS have background uncertainties of βtot ≃ :04 and .03,
respectively, for cuts in present monojet analyses which
have a comparable number of background events as our
projected pcut

T and luminosity. We note that if such a small
uncertainty could be maintained at larger pcut

T , the signifi-
cance could be modestly increased.
Based on our analysis, we conclude that the discovery

sensitivity of this channel to a SU(2) doublet appears weak.
Our signal and background cross sections are in rough
agreement with [40–43], although our estimated back-
grounds tend to be a little smaller and our signals a little
larger. Thus, we reach the same general conclusions as
[40–42] that 5σ detection is unlikely in this channel, while a
small mass window may be excluded at 2σ.

B. Disappearing track

Because of the mass splitting discussed in the previous
subsection, the path length of the X� in its own rest
frame for mass μX ¼ 100 ð200Þ GeV is a modest cτ ¼
1.93 ð1.19Þ cm [30]. While these path lengths are difficult
to detect, it is possible that some of the particles in the tail
of the lifetime distribution might be observed if the
production rate is sufficiently high. Thus, low masses
may be accessible to future disappearing track studies that
search for X� before they decay. The most recent results
from the ATLAS experiment can be found in [44].
Following the cuts in [44], to obtain an estimate for the

expected signal, we use MadGraph to simulate pp → jþ
ðXþX0; X−X̄0; orXþX−Þ at parton level, stipulating that
pTðjÞ > 90 GeV and jηðjÞj < 5. Then, in each event with
pTðj1Þ > pcut

T (to be varied), we select the X� with
:1< jηtrackj<1.9, ptrack

T >500GeV, and ptrack
T < 1000 GeV

at
ffiffiffi
s

p ¼ 8 TeV (to match what is done in ATLAS) and
1500 GeV at

ffiffiffi
s

p ¼ 14 TeV. Next, using the known life-
time, we calculate the probability that each passing X�
would achieve a transverse length of at least 30 cm before
decay, corresponding to the beginning of the first
Semiconductor Tracker (SCT) layer in the ATLAS detector.
As alluded to above, X� that reach the SCT are either
highly boosted and/or are in the tail of the lifetime
distribution. We assume the efficiency for detection after
these cuts is 100%.
Comparing to current limits at

ffiffiffi
s

p ¼ 8 TeV, for μX ¼
100 GeV and pcut

T ¼ 200 GeV, we estimate σvis ¼ :27 fb.
This is just below the ATLAS 95% exclusion of σvis <
:44 fb (smaller ptrack

T cuts in [44] set weaker bounds).
To make projections for LHC14, we must estimate the

background. A reliable estimate is difficult, as the dominant
background (see Figure 5 of [44]) is from mismeasured
tracks. We parametrize the background at

ffiffiffi
s

p ¼ 14 TeV
and luminosity L as

B ¼ B8 TeV

�
L

L8 TeV

��
σ14 TeV

σ8 TeV

��
ϵpTðj1Þ>pcut

T

ϵpTðj1Þ>90 GeV

�
Pmis;

ð8Þ

where L8 TeV ¼ 20.3 fb−1 is the luminosity in [44], B8 TeV
is the estimated background in [44], σ14 TeV=σ8 TeV
accounts for the increased cross section of the background
as collision energy increases (leaving all cuts constant),
ϵpTðj1Þ>pcut

T
=ϵpTðj1Þ>90 GeV accounts for a cut intended to

reduce background, and Pmis parametrizes the potential that
the probability for mismeasured tracks may be greater with
increased energy and pile-up.
We obtain B8 TeV by integrating the background in Fig. 5

of Ref. [44] from the ptrack
T cut up to 1500 GeV. We

approximate σ14 TeV=σ8 TeV ≈ 3 based on MADGRAPH sim-
ulations of pp → jνν, (the dominant monojetþ ET back-
ground). We estimate ϵpTðj1Þ>pcut

T
=ϵpTðj1Þ>90 GeV by applying

TABLE I. Cross sections of backgrounds and signal [following
cuts (i)–(vi) in the text] and signal significances for the monojetþ
ET channel with

ffiffiffi
s

p ¼ 14 TeV, L ¼ 3000 fb−1, and
pcut
T ¼ 500 GeV.

Signal (μX in GeV) Backgrounds

μX ¼ 100 μX ¼ 150 Bjνν Bjlν Bjτν

Cross section (fb) 5.78 3.28 136 28.0 29.7
χ (βtot ¼ :03) 1.0 .6
χ (βtot ¼ :01) 3.0 1.7
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cuts to our simulation of pp → jνν. Finally, we assume
either Pmis ¼ 1 or 10 and choose pTðj1Þ cuts to optimize
the significance for each case. We underscore that many
assumptions have been made to approximate B. Quoted
backgrounds and significances are estimates.
We show estimated ptrack

T distributions of the background
and signal at various masses for

ffiffiffi
s

p ¼ 14 TeV applying the
cut pTðj1Þ > 300 GeV in Fig. 3. For simplicity, we chose a
single range 500 GeV < ptrack

T < 1500 GeV for all μX. We
found optimizing this range does not affect the signifi-
cance much.
The estimated backgrounds and signals for various

doublet masses at
ffiffiffi
s

p ¼ 14 TeV and L ¼ 3000 fb−1 with
500 GeV < ptrack

T < 1500 GeV for different pTðj1Þ cuts
are shown in Table II.
Significances are estimated using Eq. (7), again para-

metrizing σB ¼ βtotB, and are shown in Fig. 4 for lumi-
nosities L ¼ 300 and 3000 fb−1, taking various Pmis and
optimizing the pTðj1Þ cut. The most recent ATLAS study
has cuts with expected backgrounds of 18-48.5 events and
uncertainties of about 25%. Naively, because a large pcut

T
reduces the background much more than the signal, a very
hard pcut

T may give the best significance. However, because
the backgrounds are estimated from data, if the background
rate is much smaller than that in the present data, the
fractional uncertainty may increase. Thus we limit our

chosen cuts to where B is roughly in the same range as the
current ATLAS backgrounds, where we assume that the
uncertainty can be approximated by βtot ¼ :25 [45].
Nevertheless, an even harder cut might ultimately be
effective.
Thus, the LHC14 has the potential to probe the low-mass

region of the parameter space for an SU(2) doublet.
Optimistically, if Pmis ¼ 1, we estimate a 5σ discovery
reach of about μX ¼ 150 GeV and a 2σ exclusion reach of
about μX ¼ 170 GeV; however, a signal can still be found
with larger Pmis. Further, some parameter space will likely
be accessible at lower luminosities. However, the exact
reach will depend on how the backgrounds and their
uncertainties scale with energy, instantaneous luminosity,
and pcut

T .
If a signal is detected, the track length and ptrack

T
distributions could provide clues about the type of particle
that is detected. For example, because of the shortness of
the X� lifetime, this model will have tracks with higher pT
and shorter path lengths, while other models with longer
lifetimes that have so far avoided detection will have
smaller production cross sections that compensate for the
greater probability for long path lengths.

IV. CONCLUSION

We have explored the possibility that new vectorlike
doublets may be present at the TeV scale. If stable, these
particles must make up a tiny fraction of the dark matter.
Nevertheless, they may be phenomenologically relevant.
They could actually be the first signal observed at direct

FIG. 3 (color online). The ptrack
T distribution of the background

(black, dashed) and signal (solid) with pTðj1Þ > 300 GeV and
Pmis ¼ 1 at

ffiffiffi
s

p ¼ 14 TeV and L ¼ 3000 fb−1. Signal spectra
correspond to, from top to bottom, μX ¼ 100 GeV (red),
130 GeV (purple), 150 GeV (blue), and 170 GeV (green).

FIG. 4 (color online). The significance χ as a function of μX
with

ffiffiffi
s

p ¼ 14 TeV, 500 GeV < ptrack
T < 1500 GeV, and

σB ¼ βtotB, βtot ¼ :25. The dashed curves are for L ¼
300 fb−1 assuming Pmis ¼ 10 and pTðj1Þ > 300 GeV (green,
lower) or Pmis ¼ 1 and pTðj1Þ > 200 GeV (blue, upper). The
solid curves are for L ¼ 3000 fb−1 assuming Pmis ¼ 10 and
pTðj1Þ > 500 GeV (purple, lower) or Pmis ¼ 1 and pTðj1Þ >
300 GeV (red, upper). All pTðj1Þ cuts have been chosen to
optimize the significance as described in the text. Dotted lines
indicate 2σ exclusion and 5σ discovery thresholds.

TABLE II. Number of the disappearing track background and
signal events for

ffiffiffi
s

p ¼ 14 TeV, L ¼ 3000 fb−1, and
500 GeV < ptrack

T < 1500 GeV.

Signal (μX in GeV)

pTðj1Þ cut B=Pmis 100 130 150 170

200 GeV 227 1190 255 97 36
300 GeV 44.1 963 200 75 28
500 GeV 3.96 646 137 49 18
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detection experiments, perhaps presenting a background to
the true dark matter.
Comparing the two collider channels presented, the

disappearing track channel has the potential to probe a
significantly larger mass range than the monojet channel.
Interestingly, it is this low mass window where the non-
thermal cosmology realizes this scenario most easily, i.e.
with the largest values of cX, see Fig. 2. Observing larger-
mass doublets at hadron colliders is challenging—unless,
perhaps, they are part of a larger dark sector that boosts
either the production and/or the visibility of the events
containing the X particles. If a missing energy signal is
found in the monojet channel, it will be difficult to
determine what type of particle is responsible for it, and
indeed whether it corresponds to a significant fraction of
the dark matter. A much smaller set of models will
(simultaneously) produce a disappearing track signature.
Moreover, with enough statistics, further inferences can in

principle be made from the lifetime distribution in the
detector.
These added clues, perhaps along with material depend-

ence at direct detection experiments, would be enough to
indicate that a putative direct detection signal actually came
from the “tip of the dark matter iceberg.” A future lepton
collider could also probe this scenario contingent on
kinematic accessibility.
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