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ABSTRACT

We review simplified models in which a singlet Majorana dark matter candi-
date couples to Standard Model (SM) fermions through interactions mediated
by scalar fermion partners. We summarize the two primary production mecha-
nisms in these scenarios: dark matter annihilation mediated by first or second
generation scalar fermion partners with significant left-right chiral mixing and
co-annihilation with scalar fermion partners nearly degenerate in mass with the
dark matter. We then highlight the most interesting phenomenological aspects
of charged mediator models relevant for current and future searches for new
physics. We describe precision measurements of SM fermion dipole moments, in-
cluding models with scalar muon partners that can account for g, —2. We discuss
new search strategies for charged mediators at the LHC and the projected sensi-
tivity of future lepton colliders. We summarize constraints from direct detection
and demonstrate how next generation experiments might probe QCD-charged
mediators at mass scales beyond the sensitivity of the LHC. We also review the
prospects for indirect detection of models with scalar lepton partners, focusing
on the sensitivity of gamma-ray searches to internal bremsstrahlung emission.
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1 Introduction

We consider here a general and well-motivated scenario for new physics beyond the Standard
Model (SM), in which a gauge-singlet Majorana fermion dark matter (DM) candidate cou-
ples to Standard Model fermions through charged scalar mediators. The most commonly
studied implementation of this scenario arises in the minimal supersymmetric Standard
Model (MSSM), in the case where the lightest supersymmetric particle is the bino, which
couples to SM fermions through interactions mediated by sfermions. But this is a much
more general scenario which exhibits an interesting suite of phenomenology, especially when
the assumption of minimal flavor violation (MFV), common to MSSM scenarios, is lifted.

Perhaps the first notable aspect of this scenario is that it allows for new particles coupled
to the Standard Model, with masses in the O(100 GeV) range, which are not ruled out by
tight constraints from the LHC. Indeed, if the dark matter couples to leptons, with a mass
splitting from the mediators of O(40 GeV), then the large electroweak backgrounds (BG)
lead to LHC bounds which show little improvement over LEP.

There are several other interesting features of this scenario which are relevant for cos-
mology and experiment:

e If dark matter couples to leptons, then the relic density of a O(100 GeV) thermal dark
matter candidate can be appropriately depleted by s- or p-wave annihilation [1]. This
“Incredible Bulk” scenario is a generalization of the usual bulk region considered in
constrained MSSM (CMSSM) scenarios, for which the assumptions of MFV and small
C P-violation are weakened.

e If the mass splitting between the the dark matter and the lightest charged mediator
is small, then the charged mediator may also be abundant at the time of dark matter
thermal freeze out. In this case, co-annihilation can sufficiently deplete the dark
matter density [2, 3].

e Although dark matter annihilation via internal bremsstrahlung processes are unlikely
to play a dominant role in depleting the relic density at early times, it can play an
important role in current indirect detection searches [4].

e Dark matter-nucleon scattering at direct detection experiments can be mediated by
exchange of charged mediators [5, 6]. If the mass splitting between the dark matter
and the charged mediator is small, then the scattering rate can be strongly enhanced,



giving upcoming direct detection experiments a mass reach which could rival the LHC
for QCD-charged mediators.

e The coupling of dark matter to muons will yield corrections to the magnetic and
electric dipole moments of the muon [7]. This provides tight constraints on this
scenario, but also provides a window for explaining the anomalies in the g, — 2 data.

e Although current LHC searches for dilepton production associated with missing trans-
verse energy have yielded only limited improvement over LEP for some of the param-
eter space of interest, new search strategies at the LHC [8], and searches at a future
high-energy lepton collider [9], may be able to probe this scenario.

The plan for this white paper is as follows. We outline the particle content and cou-
plings for the charged mediator models of interest in Sec. 2. In Sec. 3, we describe the
production mechanisms relevant for simplified dark matter models with charged mediators.
Constraints from current experiments and the sensitivity of future experiments are summa-
rized in Sec. 4. We conclude with an overview of charged mediator models discussed here
and briefly comment on future work in Sec. 5.

2 Charged mediator models

We consider a simplified model with Majorana singlet DM, E, coupled to SM fermions,
f =1{¢,q}, through the interactions *

Ling 3 ALfiBPLf + A BPRf + c.c., (1)

where fVL r are the left (right) chiral scalar partners of the SM fermions and Py, r are the
left (right) chiral projectors. Gauge-invariance implies that the fL7 r have the same gauge
quantum numbers as fr, g, and in particular, that fL is an SU(2)r doublet. If the f and
B are charged under an unbroken Z, symmetry, then the lightest of the mass eigenstates
(which we assume to be B) is a dark matter candidate.

The most general Yukawa couplings Ay, g allow for a C P-violating phase, ¢, and can be
written as

A=A, g = |Ag|e /2 (2)

In principle, the Yukawa couplings can take any value consistent with perturbative unitarity
(i.e.|A\L.r| < VA7). However, as a benchmark we often refer to the bino-fermion-sfermion
couplings of the MSSM, Az | = v/2g|Y% r|, where g is the weak hypercharge coupling of
the SM and Y7, r are the hypercharges of the associated SM fermions. As discussed below,
the C'P-violating phase can become relevant when reconciling g, — 2 with the calculation
of the DM relic density in models with scalar lepton partners.

*The left chiral scalar partner of the neutrino similarly couples DM to the SM neutrino, f = v, only
through the first term of Eq. (1). For the work summarized in this white paper, the only role the scalar
partner of the neutrino potentially plays is in the calculation of the relic density when the effects of co-
annihilation are relevant [3].



The interactions described above are defined in terms of the chiral eigenstates of the
scalar mediators. The mass eigenstates are related to the respective chiral eigenstates of
each mediator through the mixing matrix

(]31) _ (cosa —sina) <EL> 3)
fo sina cosa fr)’

where « is the left-right mixing angle. As we discuss below, significant left-right mixing can
be important for both the production of DM and its detection. For typical realizations of
the MSSM, which assume minimal flavor violation (MFV), such mixing is usually small for
first and second generation scalar mediators. Relaxing the assumption of MFV to allow for
intragenerational mixing thus opens up a broad parameter space of viable DM models with
interesting phenomenology, including signatures at direct detection experiments for models
with QCD-charged mediators and accounting for g, — 2 in models with scalar lepton part-
ners. As described in Sec. 4.1, constraints from electroweak precision measurements of, for
example, fermion dipole moments can become relevant when allowing for intragenerational
mixing. It is important to distinguish between this relatively limited deviation from MFV
and even more general scenarios which allow for mixing between generations. The latter
are much more severely constrained and, for simplicity, we to not consider models with
intergenerational mixing in this white paper.

In addition to the interactions described by Eq. (1), there are a large number of possi-
ble gauge-invariant and renormalizable terms which can couple the scalar mediators to SM
gauge bosons and the Higgs sector. While such couplings do not impact the phenomenologi-
cal signatures of charged mediator models, the associated interactions can significantly affect
the calculation of the DM relic density in the co-annihilation scenarios described in Sec. 3.2.
For QCD-charged mediators, the couplings to gluons can allow for the process which pro-
vides for the largest contribution to the annihilation rate, ¢*¢ — g¢g, in models which
satisfy the DM relic density. Similarly, the scalar lepton partner couplings to electroweak
gauge bosons and the Higgs can open up annihilation channels such as 00— WHW~ and
£*¢ — hh, which can be the dominant processes that deplete the relic density.

The various charged mediator models discussed in this paper can be categorized by SM
charges of the mediators and the DM production mechanism in the early Universe. As we
describe in Sec. 4, phenomenological signatures can differ significantly between models with
scalar lepton partners and those with QCD-charged mediators. In principle, a more ex-
tended theoretical framework such as the MSSM may have both leptonic and QCD-charged
mediators (borrowing from the nomenclature of the MSSM, hereafter referred to as sleptons
and squarks, respectively). However, in this paper we focus on simplified models which are
minimal extensions to the SM and only involve either sleptons or squarks mediating inter-
actions between the Majorana singlet DM candidate (hereafter refereed to as the bino) and
the associated SM fermions.



3 Relic Density

Irrespective of the SM charges of the mediators for a given model, the primary mechanism
for DM production in such models can be described by either bino annihilation or co-
annihilation involving the charged mediators. In this section we summarize the features
most relevant for the production of DM in charged mediator models. Several more detailed
equations are discussed in Appendix A, while complete descriptions of the Incredible Bulk
and co-annihilation scenarios can be be found in Refs. [1] and [2, 3], respectively.

3.1 Incredible Bulk

The most extensively studied realizations of SUSY models include the constrained MSSM
(CMSSM), which makes several assumptions based on theoretical and phenomenological
considerations to simplify the rather vast parameter space of the MSSM. The low energy
spectra in the “bulk region” of CMSSM parameter space are typically characterized by
a bino-like DM candidate, along with relatively light sleptons and squarks. Given the
constraints on scalar mediator masses discussed in Sec. 4.2, the bino annihilation rate is
usually too small to satisfy the DM relic density in the bulk region without either a small
admixture of the bino with the fermionic partners of the Higgs bosons (i.e. Higgsinos) or
a spectrum which is sufficiently compressed such that the effects of co-annihilation become
important. We discuss particular examples of the latter in Sec. 3.2, and we do not consider
the former in our simplified model with DM assumed to be a SM singlet.

Alternatively, the rate of bino annihilation in the bulk region of the CMSSM can be
sufficiently large if there is a sizeable left-right mixing angle for the charged mediators
coupling the bino to the SM fermions through the interactions described by Eq. (1). For
the corresponding t- and u-channel diagrams contributing to the process BB — ff, we can
expand the annihilation cross section in powers of the thermal freeze out temperature 17,

<U§§U>fv00%—cl<;?n>, (4)

B

where the freeze out temperature is approximately 7 ~ mz/25. The coefficients ¢y and ¢
are defined in terms of the Lagrangian parameters in Egs. (14) and (15) in Appendix A.1.
For any particular model, the relic density is approximately given by

Qgﬂwa1<1m’>. (5)

(o55Y)

In this scenario, the DM relic density can be satisfied for mgz ~ O(100) GeV and m 7 <
200 GeV given a sizeable mixing angle o ~ 7/4. Fig. 1 shows the characteristic parame-
ter space where models with slepton mediators can satisfy the relic density through bino

annihilation, with values of g, — 2 (described in Section 4.1) consistent with experiment.

Models contained within the bulk region of the CMSSM can yield the observed DM relic
density through bino annihilation mediated by e.g. scalar partners of the 7 [10]. Under the
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Figure 1: Relic density contours as a function of slepton masses mg for fixed mz =
100GeV and o = 7w/4 4+ 0.02. Red region indicates parameter space where model can

satisfy g, — 2, assuming a C P-violating phase ¢ = m/2—0.04. Appears as Fig. 5 in Ref. [1].

usual assumption of MFV in the CMSSM, only third generation scalars can have sufficient
left-right mixing for the bino annihilation cross section to satisfy the relic density. However,
if we relax the assumption of MFV then first and second generation scalars can have a
large enough left-right mixing angle such that the relic density can be depleted to the
observed value through bino annihilation. Referred to as the “Incredible Bulk,” such models
incorporating scalar muon partners can yield interesting phenomenological signatures and
potentially account for g, — 2, as summarized in Sec. 4.

3.2 Co-annihilation

While the DM relic density can also be sufficiently depleted through bino annihilation in
similar models with light flavor squark mediators, both limits from LHC on squark masses
and on squark mediated DM scattering in direct detection experiments discussed in Sec. 4
severely constrain such scenarios. On the other hand, for models with either squark or
slepton mediators which are nearly degenerate in mass with the bino, the effects of co-
annihilation can further expand the viable parameter space of charged mediator models.
Since the characteristic mass scale of the spectra in such models can be closer to mgz ~
my O(1) TeV and the decay products of the mediators are more difficult to detect at the
LHC, the next generation of direct detection experiments and future collider experiments
currently under consideration may be the only probes sensitive to the full parameter space

of charged mediator models.

In principle, the effects of co-annihilation must be calculated with a set of coupled
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Figure 2: Relic density contours for benchmark models with a single light flavor squark (y;
left) and three mass degenerate light flavor squarks (w1, dy, $1; right) as a function of bino
mass m, and bino-squark mass splitting Am. Black (green) lines show (projected) direct
detection 90% CL constraints from XENONI1T [11] (LZ [12]) for the values of the common
squark left-right mixing angle « in units of 10™%, with all parameter space below the curves
excluded. Appear in Fig. 4 of Ref. [2].

Boltzmann equations which account for all interactions between the particle species that
constitute the nearly mass degenerate spectrum and the thermal plasma in the early uni-
verse. However, since the relevant charged mediators in the spectrum are typically expected
to decay to the bino soon after it decouples, we can write the set of coupled Boltzmann
equations as one evolution equation

d

di?z = —3Hn — (oegv) <n2 - [neq]z) , (6)
where n (n°?) is a sum of (equilibrium) number densities for all species in the nearly degen-
erate spectrum, and H is the Hubble rate. The effective thermally averaged annihilation

cross section is defined as
nSdnSd

(Tottv) = Y —— {oiv) , (7)

g [

where the contribution from the annihilation cross section of each initial state, ¢, j = {E , f},
is weighted by the respective equilibrium number densities of the initial state species, n; ;.
Note that, similar to the case of bino annihilation, the DM relic density is satisfied for
(ocffv) ~ 1pb, again corresponding to a freeze-out temperature Ty ~ mz/25.

In order to briefly summarize the most relevant features of co-annihilation in charged
mediator models, we focus on the simpler case of light flavor squarks nearly degenerate in
mass with the bino. Due to the direct coupling of the bino to nucleons in such models,
constraints from direct detection experiments described in Sec. 4 restrict the chiral mixing
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Figure 3: Lines of fixed smuon mass splitting parameter y = (MFQL2 — Mél)] sin(26,,)|/(4M3,)
(left) and left-right smuon mixing angle ,, (right) for models which satisfy both the DM relic
density and g,—2. In the right panel, the black dots along each line indicate increasing values
of y = 30, 40, 50, 60, 70, 80, 90, 100, 200 as the relative bino-smuon mass splitting increases.
For y associated with a trilinear coupling between the Higgs boson and the smuons, the
“x” along each line indicates constraints from electroweak vacuum stability giving an upper
limit on Mg (left) and y (right). Left and right panels appear in Figs. 2 and 3 of Ref. [3].

angle to be small. In contrast, particularly for models which can satisfy g, — 2, the chiral
mixing of sleptons can be large and have a significant impact on the relic density calculation.
Also, due to the strong gauge coupling of squarks to gluons, the process ¢*q¢ — gg typically
provides the dominant contribution to (cegv), which is independent of the chiral mixing
angle, a, or the flavor of the relevant squarks.

For a variety of light flavor squark combinations contributing to the effective annihilation
cross section described by Eq. (16) in Appendix A.2, the DM relic density can be satisfied
for mz ~ O(1) TeV and Am = mz—mgz ~ O(10) GeV. As shown in Fig. 2, the Boltzmann
suppression of the squark annihilation cross section is minimized for smaller Am and the
squark mass must correspondingly increase to keep the relic density constant. In particular,
squark annihilation can sufficiently deplete the relic density for mg < 1.4TeV, well beyond
the sensitivity of LHC for compressed spectra. The sensitivity of direct detection searches
to these models is summarized in Sec. 4.3.

As mentioned above, slepton co-annihilation scenarios which can accommodate g, — 2
measurements in addition to the relic density can be significantly more complicated. First,
since sleptons are not charged under QCD), there typically is no single dominant contribution
to the effective annihilation rate. Also, as described in Sec. 4.1, accommodating g, — 2
measurements in models with with smuons as heavy as ~ 1TeV requires significant left-
right smuon mixing and a large relative mass splitting between the smuons, characterised
by the mass splitting parameter y = (Ml%2 — M§1)| sin(260,,)|/(4M3,). Unlike in squark
co-annihilation models for which the mixing angle (here denoted 6,,) is constrained to be
small, cross sections for processes such as p*fr — WTW ™, relevant for depleting the relic



Figure 4: Feynman diagram for dipole moment contributions in charged mediator models.
Appears as Fig. 2 of Ref. [1].

density in slepton co-annihilation scenarios, can exhibit peculiar scaling behaviors in the
non-relativistic limit as the slepton mass scale increases. As shown for models with a large
mass splitting parameter y in Fig. 3, the Boltzmann suppression necessary to yield the
correct relic density can remain constant or even increase with Mz ~ My . A detailed
investigation of perturbative unitarity and electroweak vacuum stability in such models can
be found in Ref. [3].

4 Phenomenology

In this section, we summarize the most interesting phenomenological features of charged
mediator models. Similar to Appendix A for Sec. 3, we leave several more detailed equations
and explanations to Appendix B. For complete and self-contained discussions of dipole
moments, collider searches, direct detection and indirect detection in the context of charged
mediator models, please see previous work in respective Refs. [7, 1], [13, 8, 9], [5, 6, 2, 3]
and [4, 14].

4.1 Dipole moment constraints

If a Standard Model fermion (f) couples to dark matter through interactions with charged
mediators, then these interactions yield a one-loop contribution to the magnetic and electric
dipole moments of the SM fermion, with the dark matter and mediators running in the
loop (see Fig. 4). Interestingly, we find as a general principle that the corrections to the
dipole moments can be related the cross section for s-wave bino annihilation, BB — ff.
Comparing the contribution to the annihilation cross section in Eq. (14) of Appendix A.1
to the dipole moments in Eq. (17) of Appendix B.1, each expression contains both the
left-handed and right-handed couplings (Ar g), as well as the mixing angle.

Majorana fermion dark matter s-wave annihilation can only occur from a JF¢ = 0=+
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Figure 5: Left Dependence of Aa, on left-right mixing angle, a, and CP-violating phase,
¢, for models with a mz = 100 GeV bino coupled to muons through scalar muon partners
with masses my, = 120GeV and my, = 300GeV. Appears in Fig. 4 of Ref. [1]. Right
Setting the C'P-violating phase ¢ = 0 and focusing on models with a small relative mass
splitting between the bino and lightest smuon Ay = (M, — M5)/Mp, the parameter space
consistent with Aa, extends out to larger mass scales as the left-right mixing angle, 6,
tends towards maximal and the smuon mass splitting parameter, y, increases. Appears in

Fig. 1 of Ref. [3].

initial state (see, for example, [15]). The correction to the magnetic dipole moment is related
to the C'P-conserving matrix element for annihilation to the J¢ = 0~ final state, while
the correction to the electric dipole moment is related to the C'P-violating matrix element
for annihilation to the JP¢ = 07 final state [7, 1]. In particular, in the limit where the
mass splitting between the dark matter and mediator is large, we find [1]

(g (1)) () ®)

Thus, experimental measurements of the electric and magnetic dipole moments constrain the
s-wave bino annihilation cross section in charged mediator models. Note, if the lighter scalar
mass eigenstate is taken to be nearly degenerate in mass with the bino while keeping the
heavier mass eigenstate decoupled, then the s-wave annihilation cross section is maximized
and the bound in Eq. (8) is weakened by about a factor of 2.

co ~ 3.9 x 101 pb

As a practical matter, current measurements of quark and 7 dipole moments are too
weak to provide useful constraints on s-wave dark matter annihilation [1, 5]. On the other
hand, corrections to the dipole moments of the electron are so tight as to rule out entirely
scenarios in which BB — ete™ proceeds from an s-wave state. If the bino couples to
the muon, we find that measurements of the muon anomalous magnetic moment tightly
constrain the CP-conserving annihilation matrix element. Instead, s-wave annihilation
to muons must proceed through an interaction which is almost entirely C'P-violating. The
left-right mixing angles and C'P-violating phases most relevant for models with scalar muon
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partners accounting for g, — 2 are shown in the left panel of Fig. 5.

Note that the cross section for p-wave annihilation can similarly be related to corrections
to the vertex function which are higher order in momentum [16], namely, to the charge
radius. Focusing on the case f = u, we see that corrections to the charge radius can be
probed by searches for lepton non-universality. Current bounds from LEP [17] do not lead
to constraints on the p-wave annihilation cross section strong enough to be of interest,
but future high-energy lepton colliders, such as ILC or CLIC, could provide much greater
sensitivity.

Alternative to models with scalar muon partners which satisfy the relic density through
bino annihilation, g, — 2 measurements can also be accounted for in models with Mg,
sufficiently close to My such that the effects of co-annihilation are relevant. With a less
direct relationship to relic density than implied by Eq. (8), such models do not require a
C P-violating phase to reconcile the relic density with g, — 2, so we fix ¢ = 0. In the limit
where Mz ~ Mgz, > My and assuming Ml%2 — M/% ~ MI%/? we can approximate [3]

 Aag, (i) 1TeV\? /1 +0.24(A1/0.1) o)
25.1 x 10-10 ~ \10/ \ M3 1.24 ’

with the relative bino-smuon mass splitting typically Ay = (Mz, — Mz)/Mgz < 5 — 10%
to satisfy the relic density. In the right panel of Fig. 5, we can see that Aa, can indeed
match the observed value for Mgz ~ My, ~ 1TeV with y > 1 and significant left-right
smuon mixing. As Mg decreases for fixed y, g, — 2 can only be satisfied for light smuon
mass eignestates with close to purely left- or right-handed chirality. We refer to these as the
left- or right-handed “branches” of the slepton co-annihilation parameter space, primarily
focusing on the latter in this white paper.

4.2 Collider searches

In Section 3.1 we show that in the Incredible Bulk region the DM relic density can be
satisfied if mgz ~ O(100) GeV and Am = mi —mp S 60 GeV. If fi = p; then g, — 2 can
also be satisfied as can be seen from Fig. 1. Interestingly, from Fig. 2 and Fig. 3 we can
infer that in the co-annihilation regime the DM abundance can be similarly satisfied with

Am < 30 GeV (also g, — 2 for smuon mediators) for mz < 1.4 TeV.

These compressed spectra scenarios favored by DM relic density considerations are no-
toriously difficult to probe at the LHC. This is because, in compressed SUSY spectra, the
leptons and jets produced from sfermion NLSP decays will be soft and will not pass the
respective pp thresholds. The missing energy generated in the sfermion pair system will
also be small and will not provide us any handle to suppress the SM BGs. So, the impres-
sive bounds that CMS and ATLAS have imposed on slepton and squark pair production
at the LHC will not apply to compressed scenarios as these analyses fail for Am < 60
GeV [18, 19]. Hence, one needs to boost a compressed spectra system by means of one
(monojet) or two (VBF) energetic jets. The boost will not only enhance the lepton and
jet transverse momenta but also, to balance the momentum of the jet(s), a larger opening
angle will be created between the LSPs resulting in higher Ezniliss.
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Before going into the details of monojet and VBEF searches let us briefly discuss the
prospect of sfermions being long-lived at the LHC. If the sleptons are stable on the LHC-
detector timescale they will be long-lived charged particles and will behave like muons.
However, they can be differentiated from muons from time-of-flight measurements in the
muon spectrometer and energy loss in the inner detectors. For example, using these tech-
niques ATLAS excluded mj ~ 377 — 335 GeV in models where the decays of heavier slep-
tons produced at /s = 8 TeV yield a long-lived stau NLSP, assuming mass-splittings
my—mz = 2.7—93 GeV [20]. Using only the time-of-flight information Ref. [21] projects
that the LHC will be able to exclude m; ~ 1.2 TeV at /s = 14 TeV with 3 ab~! of inte-
grated luminosity. With the same luminosity they also estimate that a 100 TeV pp collider

can exclude my ~ 4 TeV.

On the other hand, if sleptons decay after traveling some distance within the LHC
detectors, they will give rise to displaced lepton signatures. Here, one can not trace the
final state leptons back to the collision point. In a recent displaced lepton analysis [22],
ATLAS excludes mz (mg) ~ 720 (680) GeV using 139 fb~! luminosity for lifetimes of 0.1 ns.
As far as the long-lived searches for the first and second-generation squarks are concerned,
CMS has recently performed a disappearing track search [23] for them assuming all eight
light flavor squark states are degenerate. However, they assume the LSP to be wino-like
while our LSP is bino-like. So, we do not quote the limits from that study in this white

paper.

Let us now come back to monojet and VBF searches for the first two generation sfermions
at the LHC. First, we discuss sleptons. Refs. [24, 25] tried to understand compressed slepton
spectra using monojet+soft di-lepton+EXSS final state, while Ref. [13] did the same with
di—jet+E§?iss+ one or two soft leptons using the VBF topology. The LHC experiments
adopted some of the ideas proposed in the above papers to search for compressed slepton
spectra. Using 139 fb~! of accumulated luminosity at /s = 13 TeV, ATLAS excludes
slepton masses up to 251 GeV with Am ~ 10 GeV, assuming all four first two generation
sleptons are degenerate [26]. However, at the extreme ends of mass-splitting probed by
ATLAS, namely with Am ~ 550 MeV and 30 GeV, the slepton mass bounds relax to
existing LEP limits of 73 and 100 GeV, respectively. In contrast, CMS studied compressed
slepton spectra with VBF search strategy only [27]. Due to the lower production cross-
section of VBF compared to monojet, VBF limits are much weaker with the current data
available and do not improve on LEP bounds [26, 27].

However, none of the above search strategies work for Am ~ 30—60 GeV. The main BG
for the compressed slepton searches are tt, V and VV + jets. The above analyses critically
depend on an upper bound on pr of leptons or an upper bound on related kinematic
variables my, and Mp,. These variables lose their efficacy for Am > 30 GeV since the
lepton pr distributions for the SM BGs, coming from W, Z decays, peak around 40 GeV,
and it becomes difficult to differentiate between signal and BG distributions.

In Ref. [8] we propose additional measures to suppress the SM backgrounds further to
probe Am ~ 30 — 60 GeV for smuons. Since the signal rate for monojet is higher than VBF
we focus on monojet+di—lepton+E%1iSS final state. In addition to well known discriminators
of pr, E%liss and m,, for this channel, we use the variable cosfy, s, = tanh Ang, »,. This

12
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Figure 6: Signal and background event shapes are compared for the azimuthal angular
separation between the visible di-lepton pair (left), the azimuthal angular separation be-
tween the missing transverse energy and the leading lepton A¢(¢1, EWisS) (center), and the
sub-leading lepton transverse momentum pfiﬁ (right). Appear in Figs. 3 and 4 of Ref. [8].

variable exploits the spin of the mother particle to distinguish them, and is helpful to
suppress WW and tt backgrounds by a factor of two. Next, we use different strategies for
Am < 50 GeV and Am ~ 50 — 60 GeV. In both cases the main challenge is to beat WW
+ jets.

For intermediate mass splittings (20—40 GeV), we make use of the cuts of Ag(¢,42)/m >
0.5 and Ap(¢1 2, ERIS) /7 < 0.6 to reduce W, Z backgrounds further. If the mother particles
(1z, W here) are produced with reasonable longitudinal boost, the daughter particles will be
collimated with the mother, and the leptons will tend to be anti-collimated with each other.
However, the transverse boost generated in the system by the emission of an energetic
jet will smear these angular correlations. Relative to the production of less massive W-
bosons, the angular correlations associated with smuon production are smeared out less.
The A¢(f 9, EFi5) cut is helpful for additional optimization of the signal by diminishing
tt + jets, since a significant portion of ErT]fliSS in this BG arises from mismeasured or missed
jets. The A¢(l1,ly) and Ag(¢y, EF') distributions for the signal with mz = 100 GeV and
different mass splittings, along with the SM BGs, are presented in the left and center panels
of Fig. 6.

For larger mass gaps (50-60 GeV) some of our previous considerations do not apply,
since with increasing mass splitting the di-lepton + EITniSS system becomes less collimated
and harder than SM BGs. We found that a good significance can be obtained in this region
by applying A¢(£172,E}niss)/7r > 0.25 and pé? > 40 GeV. In the right panel of Fig. 6 we
show the pé? distributions for the signal with different mass gaps and BGs. To summarize,
using the above strategies the LHC will be able to exclude mg =~ 200 GeV at 1.5 —2.30 level
for Am ~ 30 — 60 GeV with 1000 fb~! of integrated luminosity. One can further improve
LHC sensitivity by using machine learning and Bayesian optimization techniques [28].

For the squark mediator cases, squark NLSP decays lead to soft jets. Although the
LHC experiments were remarkably successful in lowering pr thresholds for light leptons, it
is extremely difficult to lower the same for jets in the gluon rich environment of the LHC.
However, the production cross-sections of QCD-charged squarks are much higher than for
electroweak slepton particles. Consequently, one can efficiently probe compressed squark
spectra using monojet and missing energy final states, which suffer from tiny signal to BG
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Figure 7: Projected sensitivity for the smallest cross sections oy, detectable for smuon (left)
and stau (right) signals at a future /s = 500 GeV eTe™ collider with integrated luminosity
of L = lab™! and mostly right-handed beam polarization as a function of slepton and
bino mass. For reference, the solid lines show the sensitivity for the production of purely
left (solid black) and right (dashed red) chiral sleptons which decay with 100% branching
fraction to the corresponding lepton and bino. Appears as Fig. 6 of Ref. [9].

ratio for sleptons. The ATLAS collaboration excludes mg ~ 900 —750 GeV for Am ~ 5—50
GeV utilizing this channel [29].

Given the difficulty of probing ~ TeV sleptons relevant for co-annihilation scenarios at
the LHC (assuming the sleptons are not long-lived on detector timescales), it is interesting
to consider the sensitivity of a future lepton collider. The reconstruction of the soft leptons
and smaller missing energy characteristic of signals associated with compressed spectra is
considerably more straight forward at lepton colliders. In addition the lack of pileup and
underlying event associated with final states at hadron colliders, lepton colliders are also
planned to operate without triggers and, particularly for linear eTe™ colliders such as the
ILC, beam polarization can be optimised to suppress challenging backgrounds such as WIW.

In Ref. [9], we investigate the potential sensitivity of searches for smuon and stau pro-
duction at eTe™ colliders. For smuon production we consider a final state with opposite
signed muons and missing energy, while for stau searches we demonstrate that the most
promising final state contains opposite sign leptons of mixed flavor and missing energy.
Many of the kinematic features used to distinguish the final states associated with slep-
ton production from the most relevant BGs are more easily recognizable at ee™ colliders
since the CM frame of ete™ collisions is coincident with the detector frame. For example,
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the BG processes with the largest cross sections in smuon searches with a CM energy of
Vs = 500GeV are (eTe” /vy — uTp~), with the v initial state processes induced by the
photon component of the eTe™ beams. Since these processes do not feature missing trans-
verse energy, this BG can be suppressed by requiring E™ > 5GeV, A¢p(¢T,¢07) /7 < 0.8
and | cos (E™%)| < 0.9 (polar angle of E™* with respect to the beam axis).

The most significant BGs remaining after these initial cuts include processes with neu-
trinos in the final state, including e™e™ — W . Since the final state of the signal includes a
pair of massive binos rather than neutrinos, the invariant mass of the associated lepton pair
is considerably smaller than for WW production and we impose a cut of mgy < 300 GeV
for \/s =500 GeV. Also, since one of the largest channels for WW production is t-channel
neutrino exchange, the BG can be further suppressed by requiring | cos8(¢1)| < 0.8. A full
description of the optimal cut flow, including a final “window” cut on the leading lepton
momentum, for both smuon and stau searches at future e™e™ colliders with a variety of CM
energies, beam polarizations and integrated luminosities can be found in Ref. [9].

As an illustrative example of the projected sensitivity of a /s = 500 GeV ete™ collider
with a mostly right-handed beam polarization and integrated luminosity of 1ab~!, we show
the contours of the minimum detectable smuon and stau signal cross sections in Fig. 7.
The lines indicate the regions of the bino-slepton mass plane to which such a collider would
be sensitive assuming the branching fraction for slepton decay to the corresponding lepton
and bino is 100%. We see that smuon searches at a collider similar to the proposed ILC
could essentially cover all of the viable parameter space for charged mediator models up to
my S v/5/2. The sensitivity of stau searches do not improve as mz — /s/2 due to both
the branching fractions and kinematics associated with stau decay. However, particularly
for ete™ colliders such as CLIC with proposed CM energies as high as /s ~ 3 TeV, we see
that a future lepton collider could be an ideal probe for charged mediator models.

4.3 Direct detection

If dark matter couples to quarks through charged mediators, then dark matter-nucleon
scattering can proceed through exchange of a charged mediator in the s/u-channel. The
matrix element can be expressed in terms of a variety of dimension-6 effective operators
whose coefficients are determined by the parameters of the model (see Appendix B.2). The
dimension-6 operator which mediates spin-independent (SI) velocity-independent scatter-
ing has a coefficient which is proportional to the mixing angle. As a result, in scenarios
respecting MFV, the SI scattering cross section is suppressed, and is dominated by coupling
to the heaviest partons. This implies that, in scenarios respecting MFV, the SI scattering
cross section respects isospin as well.

But in the broader scenario we consider, in which flavor violation can be non-minimal,
larger SI scattering cross sections are allowed. Moreover, since the mediators can couple to
any quark and still have a large mixing angle, there can be significant SI scattering through
interactions with first-generation quarks, naturally leading to isospin-violation [30, 31, 32].

In the limit of negligible scalar mixing, the dominant velocity-independent term in the
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Figure 8: Left Direct detection sensitivity plot in the (RY,mg, ) plane for bino dark matter
with mg = 50 GeV. The grey region (between the plot frame and the solid line) is ruled out
by LUX’s first data release [33], while the red region (between the solid and dashed lines)
was the estimate for 300 days of LUX data, and the blue region (between the dashed and
dot-dashed lines) could be probed by LZ [34]. Right Direct detection sensitivity plots in the
(my, aé\{) plane for bino dark matter with mz = 2 TeV and assuming maximal left-right
mixing. The lines have the same meaning as in the left frame. The green bands indicate
the uncertainty in the scattering cross section as a function of the strangeness content of
the nucleon/BéV. Appear as Figs. 4 and 5 of Ref. [5].

matrix element generated by dimension-6 operators is spin-dependent. However, there is a
twist-2 dimension-8 operator which can mediate velocity-independent SI scattering even in
the limit of small left-right mixing. Although this operator is suppressed by higher powers
of the mediator mass, the coherent enhancement of the SI scattering cross section can allow
it to dominate the scattering cross section for small mixing.

Because dark matter-nucleon scattering proceeds through the s-/u-channels, the cross
section is enhanced in the limit of small mass splitting between the dark matter and lightest
mediator. In the near-degenerate limit, the kinematics of non-relativistic scattering causes
the mediator propagator to go nearly on-shell. As a result, next generation direct detection
experiments may be sensitive to models well above the mass reach of the LHC in the near-
degenerate limit [2].

In the scenario where the direct detection cross section is dominated by one light QCD
mediator that is significantly heavier than the bino dark matter, the scattering cross section
(assuming MSSM-like couplings) will scale with the ratio

N _ 2 2 Ny2y2

R, =Yg, sin®(20)(B,")° Ay,
where Yg, is the hypercharge of the right-handed quark, Bév is the integrated nucleon form
factor for the quark (N = p,n), and A\, accounts for the running of the scattering operator

from the weak scale down to the nucleon scale. Assuming maximal mixing, the left frame of
Fig. 8 demonstrates that LZ will be sensitive to mediator masses above 5 TeV for MSSM-

16



XENONIT

Am(GeV)
Am (GeV)

m, (GeV)

Figure 9: Exclusion limit (90% CL) from XENONIT [11] and prospective sensitivity (90%
CL) contours for LZ [12] in the (m,, Am)-plane for compressed spectra. Note that the
most recent PandaX-4T exclusion limits would be about a factor of 2 larger in dark matter
mass than the XENONI1T results shown. Note that the parameter space below the contour
is excluded. Benchmarks A (dot-dashed blue), B (long-dashed red), C (solid purple), D
(dotted black) and E (short-dashed green) are shown. For Benchmarks A, B, C and E,
the upper line is the contour if & = 7 /4, while the lower line is the contour if & = 0. For
Benchmark D, there is only one contour because the sensitivity is independent of «. For
the grey shaded region (Am > 100 GeV), this analysis is not reliable, as the contributions
from the heavier squarks cannot be neglected. Appear in Fig. 3 of Ref. [2]

like couplings which yield RY ~ 0.3. On the other hand, we see that next generation direct
detection experiments can probe models that are consistent with LHC data and that have
sin(2a) < 1.

Another interesting result discussed in Ref. [5] and displayed in the right frame of Fig. 8
is the very strong dependence of the scattering cross section on the uncertainties in the
strangeness content of the nucleon/ Bév (shown as the green bands) in the circumstance
that mediator exchange with strange quarks dominate the scattering. This uncertainty
is reduced to around a factor of 4 if mediator exchange with light quarks dominates the
scattering process. As a note, the most recent results from PandaX-4T [35] are about a
factor of 2 below the red dashed curve and thus have excluded this particular model at the
90% confidence level.

As studied in Ref. [2], QCD-charged mediators with compressed spectra can lead to
significantly enhanced nucleon scattering through a resonance as the propagator of the me-
diator goes nearly on-shell. For these compressed spectra, different operators will dominate
the nucleon scattering depending on the number of mediators and the chiral mixing angle.
For this reason, several benchmark scenarios are examined:

e Benchmark A) a single light squark, ,;

e Benchmark B) a single light squark, 51;
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e Benchmark C) two light degenerate squarks, @; and di;
e Benchmark D) two light degenerate squarks, 4; and g;

e Benchmark E) three light degenerate squarks, 1, dy and 3.

For Benchmarks C, D, and E, the light squarks are assumed to be degenerate, and for all
five benchmarks the light squark mass is denoted as mg and we define Am = mgz —m,, > 0.

Previous exclusion limits [11] and future prospects for LZ [12] to detect these benchmark
scenarios are shown in Fig. 9. As discussed previously, thermal dark matter can only be
consistent with the observed relic abundance if Am < 25GeV and m, < 1.5TeV. Thus,
almost all of the allowed parameter space in Fig. 9 requires non-thermal production of the
observed relic density. We observe that even in the limit o — 0, current direct detection
experiments exclude some models for which m, is as large as a few TeV in the degenerate
regime. The sensitivity of LZ, in the a — 0 limit, can extend as far as ~ 105 GeV (for
Benchmark D), and much further for larger mixing angles. Thus for these models, the
sensitivity of future direct detection experiments can far exceed the maximum reach of the
LHC, even for small mixing. In this limit of heavy dark matter whose relic density must be
generated non-thermally, direct detection experiments could discover not only dark matter,
but also the interactions of QCD-coupled heavy scalars.

The direct detection results presented for the QCD-charged mediators correspond to
the choice Arg.rq = \/ig’YL, r- One can rescale the sensitivities given above to any other
scenario by noting that, at maximal mixing, the DM-nucleus scattering cross section is
proportional to )\%)\%, while for a = 0 it is proportional to Xi.

It is also interesting to consider leptonic charged mediators as examined in Refs. [6, 3].
In this scenario, scattering with nuclei proceeds only through loop-induced electromagnetic
moments. The Majorana nature of our dark matter candidate limits the possibilities to a
non-zero anapole moment. The differential scattering cross section for anapole dark matter
scattering from the electric field of the nucleus can be written as [36, 37, 38, 39]

do

2
_ 272 2 (12 mr\~ Eg
dEg = QemA°Z FE(q ) [2mT - <1 + ) 02 | (10)

My

with A the dark matter anapole moment, mr the mass of the target nucleus, Er = ¢*/(2mr7)
the nuclear recoil energy, Z the nuclear charge, and FB% the nuclear electric form factor.

We present the most optimistic limits and projections for leptonic charged mediators
for the p channel in Fig. 10. The three different panels correspond to different levels of
degeneracy of the mass of the mediator as characterized by p; = m% /mi The solid

1

(dashed) blue lines correspond to LUX 2014 [40] (future LZ [41]) limits on the DM SI
scattering cross section. In addition, the LUX 2016 constraint [42] is estimated as a thin
dashed blue contour. We observe that for a = n/2, LZ will probe a significant portion of
the parameter space of these models for m, ~ O(100 — 200) GeV and lightest mediator
mass within O(5%) of the DM mass. SUSY-level couplings can be tested out to DM mass
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Figure 10: We show plots of Ag = 2);, versus m, for p1 = 1.01 (left), p1 = 1.10 (center),
and p; = 1.44 (right) for maximal mixing (o = 7w/2). The contours correspond to values
of |A/un| x 1075 fm. The vertical black dashed line is the LEP limit on the mass of the
charged scalar for the p channel. The solid (dashed) blue lines correspond to LUX 2014
(future LZ) limits on the DM SI scattering cross section. In addition, the most recent
LUX 2016 constraint is estimated as a thin dashed blue contour. The gray horizontal line
corresponds to the SUSY value of couplings. Appear in Fig. 6 of Ref. [6]

of 100 GeV with the lightest mediator mass within O(20%) of the DM mass. Dialing the
mixing angle down to zero significantly weakens direct detection prospects. Although not
shown here, Ref. [6] demonstrates that SUSY-level couplings can be tested by LZ only out
to DM masses of 90 GeV with the lightest mediator mass within O(5%) of the DM mass.

4.4 Indirect detection

In the charged mediator models discussed in this white paper, the most straight-forward
avenue for dark matter indirect detection is through the annihilation process BB — ff.
If the thermal relic density is depleted in the early Universe by s-wave annihilation, then
this process will be dominant in the current epoch. In particular, dark matter annihilation
to hadronic final states or taus (which can subsequently decay hadronically) can yield de-
tectable signals at gamma-ray telescopes. Fermi-LAT searches for dark matter annihilation
in dwarf spheroidals (dSphs) [43] constrain this scenario, but for mz 2 O(100 GeV), there
is allowed parameter space in which the s-wave annihilation cross section is consistent with
the relic density. But future data, as well as improvements in J-factor determinations, may
more tightly probe this regime.

If dark matter annihilates to muons, this scenario is more difficult to probe with gamma-
ray telescopes, since muon decay produces few photons. However, as discussed in Ref. [4],
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Figure 11: Photon spectra produced by XX — ffv for two benchmark mass splittings
between the bino and lightest smuon, assuming a range of left-right mixing angles, «, and
MSSM-like couplings, Ar, = (v/2/2)g and Ar = v/2g. Appears in Fig. 8 of Ref. [4].

there are alternative gamma-ray signals which can be important in this case. For example,
the process BB — vy can proceed at one-loop, resulting in a striking line signal. The
photon spectrum from bino annihilation can be written as a sum of contributions from line
signals and continuum emission,

dN dN dN
dN _ (dN aN 11
dx ( dx >1ine " < dx )Cont. ’ ( )

with x = E, /mz. We will focus on the constraints from continuum emission,

dN 1 d{omBv d{o;v
(%) 7 [ TN .

TBEY)

where the leading contribution is from internal bremsstrahlung (IB) BB — ff~ and the
second term is a sum over higher order processes which each yield N; photons in a single
annihilation.

In the limit of small final state fermion mass my/mgz — 0 and negligible left-right
sfermion mixing angle, the dominant contribution to the IB cross section is given by Eq. (23)
of Appendix B.3. Although the cross section is suppressed relative to that for BB — ff
by an additional factor of cu,, it is neither p-wave nor chirality-suppressed. Moreover, the
associated contribution to the cross section in Eq. (23) from virtual internal bremsstrahlung
(VIB) often results in the production of a hard photon, which can look almost line-like,
yielding a much more easily detectable signal.

In Fig. 11, we plot the total IB photon spectra for different bino-smuon mass splittings
and left-right mixing angles. We see the line-like feature at E, ~ mx is more prominent
for smaller mass splittings. As the left-right mixing angle increases the VIB contribution
to the IB amplitude eventually becomes subdominant to the contribution associated with
final state radiation (FSR). Since the FSR contribution is enhanced for soft and collinear
photons, the associated IB photon spectra become relatively flat in energy.
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Figure 12: Contours showing the internal bremsstrahlung (IB), XX — ff, cross section
for models with larger (smaller) bino-smuon mass splitting in the left (right) panel. Given
the corresponding gamma ray spectra shown for similar benchmark models in Fig. 11, we
also indicate the parameter space of these models constrained by Fermi-LAT limits on
continuum photon emission [44] and gamma-ray line searches [45]. Appears as Fig. 10 of

Ref. [4].

To estimate the sensitivity of Fermi-LAT searches for dark matter annihilation in dSphs
to continuum signals from IB in charged mediator models, we can integrate the photon
spectra to calculate the particle physics factor [44],

ozzv) [1 dN
Ppp = 7< BB2>/ dx <>

87rm§ Ten dx
Although the analysis in Ref. [44] does not incorporate the most recent Fermi-LAT data,
the limit on ®pp < 5.0'511:?, x 10739 cm3s~1GeV 2 can be used to constrain the continuum
photon signal from IB for the variety of spectral shapes shown in Fig. 11. Indeed, more

current limits from Fermi-LAT dSph searches on models with charged mediators that couple
to leptons have been presented, e.g., in Ref. [46].

(13)

cont.

For models described in Sec. 3.1 which can satisfy the dark matter relic density through
bino annihilation, the IB signal is typically too small assuming the MSSM benchmark
couplings defined after Eq. 2. However, if we consider the parameter space of a more
general simplified model, then Fermi-LAT could be sensitive to the IB signal from dSphs.
In Fig. 12, we show contours of the IB cross section for models with the same mass spectra
as in Fig. 11, but with |A g| ~ 1. We see that the Fermi limit on the continuum emission
is strongest towards the limit of maximal left-right mixing, where the FSR contribution
dominates the IB signal. In the opposite limit with small left-right mixing, the line-like
feature becomes more prominent as the VIB contribution becomes dominant and, as can
be seen in the right panel for smaller bino-smuon mass splitting, can be constrained by
Fermi-LAT gamma-ray line searches [45].
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While we have focused on gamma-ray signals from dSphs, there are other potentially
interesting indirect detection signatures associated with charged mediator models. For
example, AMS-02 searches for positrons produced in DM annihilation can yield stringent
limits (< pb) on the cross section for the process BB — wp~ [47]. In principal, these
constraints from cosmic ray experiments are in tension with several of the benchmark models
discussed above, particularly those with couplings |z g| ~ 1 shown in Fig. 12. However,
positron searches are subject to relatively large systematic uncertainties associated with
cosmic ray propagation and astrophysical background modeling (for example, see [48]).
Alternatively, even for models with velocity-suppressed BB — T cross sections, gamma-
ray signals could be significant for bino annihilation in dark matter spikes formed around
supermassive black holes, where the dark matter velocity dispersion can be enhanced [14].

5 Conclusion

In this white paper, we describe the basic aspects of dark matter models with charged
mediators. For a Majorana singlet dark matter candidate with a mass between 100 GeV
and 1TeV, interactions with the Standard Model are mediated by scalar partners of leptons
and quarks. Although the MSSM is a well-studied extension to the Standard Model with
charged mediators, we stress that the simplified models considered in the work summarized
by this white paper constitute a more general framework with cosmologically viable dark
matter production mechanisms and novel phenomenological signatures.

For models with O(100) GeV scalar fermion partners, the observed relic density can be
satisfied through s- or p-wave dark matter annihilation. The significant left-right mixing
necessary for the scalar mediators is usually not considered in typical realizations of the
MSSM which incorporate minimal flavor violation. Significant intragenerational mixing
can, in turn, yield a variety of potentially interesting experimental signatures. For instance,
while stringent limits on the dipole moments of the electron severely constrain scenarios
with first generation scalar leptons, models with scalar muon partners in this “Incredible
Bulk” scenario can account for the g, —2 anomaly in addition to satisfying the relic density.

Further, while current LHC constraints on the masses of first and second generation
scalar lepton partners have only made marginal improvements compared to LEP for com-
pressed spectra, we discuss new search strategies which can potentially improve the sen-
sitivity of LHC to such models. We also summarize the sensitivity of indirect detection
searches, focusing on the gamma-ray signal from internal bremsstrahlung in models with
scalar muons mediating dark matter annihilation. For models with either scalar lepton
partners or QCD-charged scalar mediators, we both describe the current constraints from
and project the future sensitivity of direct detection experiments.

In models with scalar fermion partners nearly degenerate in mass with the dark mat-
ter candidate can the relic density can, alternatively, be depleted through co-annihilation
processes involving scalar mediators with masses up to ~ 1TeV. Both direct and indi-
rect detection signatures can be enhanced in models with compressed spectra. Particularly
relevant for future dark matter searches, models with QCD-charged scalars mediating in-
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teractions between dark matter and nuclei could be probed by direct detection experiments
for scalar masses well beyond the reach of the LHC. For models with scalar lepton partners
at the TeV scale, we demonstrate how a future lepton collider could probe the parameter
space relevant for dark matter co-annihilation and g, — 2.

There are several potentially interesting avenues for future work on the phenomenology
of charged mediator models. Although many of the models we have discussed can be difficult
to detect at direct detection experiments, dark matter capture in compact objects could
probe models with velocity- or momentum-suppressed dark matter-nucleon interactions.
Also, the new search strategies we propose for scalar lepton partner searches at LHC could be
further optimized in analyses which utilize machine learning techniques. Regarding models
with scalar lepton partners which satisfy the relic density through co-annihilation, stringent
constraints from perturbative unitarity and vacuum stability warrant further study of how
these simplified models might be embedded in a more complete extension of the Standard
Model.
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A Relic density

A.1 Bino annihilation cross section

Assuming the MSSM benchmark for the Yukawa couplings Ay gr, the velocity-independent
s-wave coefficient in Eq. (4) is given by

2 2
mx 1 1
co = =2 ¢"VAYE cos? asin® a < ) , (14)

2 2 2 2
2 mﬁ—l—m]§ mﬁ—kmé
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where the masses of the charged mediator mass eignestates are mi and the coefficient

for the first velocity suppressed term is given by

m% A (Y7 cost a + Y sin? a)(m‘;~ —i—m%) (Y7 sin o + Y3 cos? a)(m‘;~ —i—m%)
1 2
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In the above coefficients, we have assumed all terms proportional to the SM fermion mass
my are small. While this approximation holds reasonably well for models with first and
second generation scalar mediators, contributions from terms oc my can be significant for
models with the bino coupled to scalar partners of third generation SM fermions.

A.2 Squark annihilation cross section

The contributions to the effective annihilation cross section from squark annihilation to
gluons in Eq. (7) can be summed over light quark flavors,

nin Tgi N~ A
ng g2N; exp(Am/T)

———O) = —— N~+ ’ (16)
q:uzd;&c eq]2 < q > 4327”,% q 3(1—|—Am/m§)3/2

for the QCD gauge coupling g5 and assuming Nz mass degenerate squarks with a mass

splitting relative to the bino Am = mg —mg.

B Phenomenology

B.1 Fermion dipole moment corrections

If my < m,, then one-loop diagrams with dark matter and the charged mediators in the
loop yield contributions to the anomalous magnetic moment (a = (g — 2)/2) and to the
electric dipole moment (d/|e|) of the SM fermion, given by [49]

_ ey o . 1 2r1Inrq - .
Aa = 47r2m?; g“Y1 YR cos ¢ cos asin « [M <1 + 71+ T )| (f1— f2)
1
d my

1 2r1Inr
2 . . 1 1
— o o 1
] g Qm? g°Yr YR sin g cos asin [2(1 E < +T1+71 - >}

1

—(fi = f2) (17)

24



where r; = m2 /mf While the contributions to both the magnetic and electric dipole

moments require non-vanishing left-right mixing angle «, increasing the C' P-violating phase
¢ from 0 to 7/2 suppresses Aa and enhances d/|e|.

B.2 Effective interactions for direct detection

Dark matter scattering with quarks via exchange of the charged mediators in the s-/u-
channel can be expressed in terms of effective contact operators

7
> 04, (18)
=1

where the dimension-6 operators are (using the notation of [50])

Ot = aqa(X7"7"X)([@a),
Op = ag(Xr"7°x) @),
Opz = ag(Xx )( ),
Ou = au(X?’ )(q’f’q),
Op = Oéq5(xx)( °q),
O = ag(X7r°X)(da), (19)
with
N [|)\%| ( cos? o sin? o ) BYY ( cos? o sin? o )]
N 2] ( cos? sin? ) BYY ( cos? sin? )]
Qgza = W(cosasina) [mg 1—m2 — 1—m2] ,
q1 X q2 X
Qg56 = W(cogasina) [mg 1_m2 ) 1_m2] . (20)
q1 X q2 X

One obtains higher dimension contact operators by expanding the scalar propagators in
powers momenta. These operators are generally subdominant because their contributions
to the dark matter-nucleon scattering matrix element are suppressed by additional factors
of ~ (mn/2(mg, —m,)). However, a dimension-8 twist-2 operator can be significant [51]:

- Ay _ I _
Ogr = agr(?xy"0"x) [(2) (qw&,ﬁq%@uq - ngqvwaq)] 7 (21)
where
|A7 ] cos? a sin? o BYY cos? a sin? o
agr = + + + (22)
O T A IOl (AT R T
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This operator can generate an important contribution to the SI velocity-independent scat-
tering matrix element in the limit of small mixing (o — 0), especially if (mg —m,)/m, < 1.

B.3 Internal bremsstrahlung cross section

The contribution to the differential cross section for BB — ff7 associated with the pro-
duction of fermion-antifermion pairs with opposite helicity in the m; — 0 limit is [4]

dlowo) _ emAL(1 — ) { . o
de i—1,2 647r2m2§ (T4 p) (X4 p —22) (14 p; —x)?
1 (1 =2 1 )
e PR
(1+pi —2) 1+ — 2w

where

M =A% cos® a — [Ag|*sin®
A2 = |\p)?sin® o — [Ag|* cos®

Wi = mj%v /m% and e, is the electromagnetic coupling constant. For sfermions nearly
degenera‘ée with the bino, p; ~ 1 and the differential cross section becomes strongly peaked
near x ~ 1. This corresponds to the limit where one of the final state fermions becomes
soft and a sfermion propagator goes on-shell.
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